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The  main  purpose  of  the  Energy  Density  Matter  (HEOM)  protpam  is  to  research 
and  develop  advanced  high  energy  compounds  contMning  increased  energy  densities 
(Energy  to  mass  ratios)  and  (peater  spedfic  impidses  (thrust  per  vveight  fkMv  rate  of 
propelanQ  which  wW  enable  spacecraft  to  carry  larger  payloads.  With  these  advarKed 
prc^MHants.  future  spaoe-bourKi  payloads  could  be  possibly  fow  times  greater  than 
they  are  today.  Theoretical  experimerHal  research  is  carried  out  by  in-house 
researchers  at  the  Phitlips  Laboratory  at  Edwards  Air  Force  Base  (PL)  and  through  Air 
Force  funded  contracts  wHh  numerous  researchers  in  the  academic  and  industrial 
corrammities. 

The  HEOM  program  is  admirtistered  by  a  steering  group  made  up  of  representatives 
from  the  Propulsion  Directorate  of  the  Phillips  Laboratory  and  the  Air  Force  Office  of 
Scientific  Research  (AFOSR).  A  technical  panel  administered  by  the  Natkmal 
Research  Council  (NRC)  assists  the  steering  group  in  ensurirrg  the  high  technical 
content  of  the  program. 

Annual  conferences,  altematively  hosted  by  the  AFOSR  and  the  PL  are  arranged  in 
order  to  altow  in-house  and  contract  researchers  to  report  on  their  progress  and  new 
developments.  The  Seventh  High  Density  Matter  Contractors  ConfererKe  was  held  6  - 
8  June  1993  in  Woods  Hole,  Massachusetts.  The  conference  consisted  of  an 
introductory  and  poster  session  on  Sunday  afternoon,  Boron  Chemistry  and  Parallel 
Computing  Workshops  on  Sunday  evening,  oral  presentations  Monday  and  Tuesday, 
followed  by  HEDM  Synthesis  and  Cryo-soiids  Workshops  on  Tuesday  afternoon.  This 
report  documents  the  information  presented  at  this  conference  and  contains  extended 
abstracts  of  the  poster,  workshop  and  oral  presentations  given  at  the  conference. 

The  next  High  Energy  Density  Matter  ConfererKe  is  scheduled  for  June  1994. 
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AIR  FORCE  NEEDS.  MISSION,  GOALS  &  OPPORTUNITIES 
Presentation  at  HEDM  Conference 
Woods  Hole.  1993 
David  Lewis 
OL-AC  PURKF 

8  Draco  Drive.  Edwards  AFB  CA  93524-7230 


Developing  and  transitioning  technology  is  a  consistent  thread  in  the  tapestry  of 
the  Air  Force  (AF)  vision;  and  the  AF.  Air  Force  Materiel  Command  (AFMC), 
Space  and  Missiles  Systems  Center  (SMC)  and  Phillips  Laboratory  (PL)  Mission 
^atements.  The  formal  process  for  ^veloping  and  validating  requirements  is 
systems  oriented  (planes,  rockets,  etc)  and  leads  to  Mission  Need  Statements 
(MNSs).  Operational  tasks  derive  from  national  strategy  (Strategy  To  Tasks) 
and  needs  derive  from  the  inability  to  do  operational  tasks  correctly  or  an 
opportunity  to  do  tasks  better  (Tasks  To  Needs).  One  AF  need,  documented  in  a 
draft  MNS,  is  Spacelifter;  perhaps  the  rTX)st  pertinent  to  HEDM.  SpaceKfter 
quality  characteristics  are  that  it  must  not  only  be  capable  (right  payload  to  right 
orbit)  but  also  available  and  responsive  (launch  when  you  need  to),  affordable, 
and  maintainable  and  supportable  (See  figure  1 ). 

There  is  a  process  set  forth  in  the  new  AFMC  Technology  Master  Process  for 
transitioning  technology  to  the  user  (technology  push)  which  involves  Technical 
Planning  integrated  Product  Teams  (TPiPTs).  All  stakeholders  (labs,  users, 
developers,  planners)  decide  which  technologies  feed  which  systems  within  a  20 
year  horizon.  Rgure  2  shows  an  example  of  this  process.  The  user's  (usually 
the  AF  organization  that  is  responsible  for  deploying  the  end  item),  the  system 
program  office  (SPO's-the  AF  organization  responsible  for  developing  the  Hem), 
the  Air  Logistic  Center's  (ALC's-the  AF  organization  responsible  for  maintaining 
and  upgrading  the  end  Hem)  and  industry  identify  needs  and  opportunities.  The 
AF  laboratories  (Phillips  Laboratory  is  one  of  four  AF  "super  laboratories”). 
UniversHies  arzi  'ndustry  are  responable  for  identifying  and  developing  the  right 
technologies.  Ti.e  AFMC  Technology  Master  Process  then  provides  for  proper 
planning,  programming,  execution,  transition  and  transfer  of  these  needs. 
opportunHies  and  technologies  into  the  appropriate  weapon  system 
infrastructure  that  is  supportable  from  cradle  to  grave. 

The  TPIPTs  are  concerned  wHh  technologies  which  feed  systems  wHhin  a  20 
year  horizon.  However,  transHion  of  fundamental  technologies  such  as  HEDM 
do  not  show  up  wHhin  that  20  year  event  horizon.  What  are  the  needs  for 
HEDM?  The  answers  to  that  depends  on  who  are  HEDM's  customers?  Though 
there  are  many.  I  argue  that  the  engineonng  research/development  community 
is  the  most  near  term  ar  /i  thenfore  the  most  immediately  important.  I  assert  the 
quality  characteristic  by  which  you  measure  yourselves  must  go  beyond  the 
classic  measure  of  the  research  communHy  of  scholarly  research  and  be 
pertinent  to  the  customer,  the  engineer.  Herein  lies  an  opportunHy  for  a 


paiadlQm  shift;  that  is  to  txiild  a  bridge  between  the  two  camps,  indeed,  it  is 
impendive  if  HEDM  is  to  succeed  that  the  scientist  determine  what  the  engineer 
ne^.  Quality  Function  Deployment  (QFD)  is  one  tool  for  relating  what  the 
er^jineer  wants,  in  the  engineer's  langus^,  to  how  a  scientist  can  deliver  that  in 
the  sdentisfs  language.  Only  then  does  HEDM  have  a  chance  of  moving  from 
¥K>rld  dios  reseat  to  the  next  generation  rocket  system. 


OPERATIONAL  SPACELIFT 


NASA  HEDM  Needs  and 


Opportunities 


Robert  H.  Frisbee 
Jet  Propuidon  Laboratory 
California  institute  of  Technology 
Pasadena.  Caifomia 


This  presentation  discusses  some  of  the  general  requirements  that  an  advanced 
propulsion  system  must  meet  for  application  to  NASA  and  civilian  commercial 
missions,  inducfing  those  areas  of  commonality  and  difference  between  NASA  and 
DoD  requirements,  and  some  examples  of  the  t^s  of  benefits  that  coukf  be  realized 
from  both  near-  and  far-term  HEDM  propulsion  concepts.  Both  NASA  and  DoD  have 
generally  similar  r^irements.  The  prirnieuy  differences  are  in  NASA's  need  for  man¬ 
rating,  high  reliability,  and  for  a  long  storage  lifetime  in  space;  by  contrast.  DoD's 
requirements  include  a  need  for  high  acceleration  (for  ballistic  missifo  interceptors), 
rapid  response  time,  and  low  vulnerability. 


For  all  users,  one  of  the  most  important  requirements  is  the  need  to  reduce  the  costs  of 
access  to  space.  For  example,  the  cost  of  launching  payloads  into  Earth  orbit  is 
comparable  to  that  of  the  cost  of  gold  on  a  $/kg  basis.  The  potential  for  HEDM 
appfications  is  in  improving  the  vehicle  performance  by  increasing  the  mass  of  the 
delivered  payload  for  a  given  vehicle,  or  by  improving  performance  such  that  a  smaller 
and  chea^r  vehicle  can  be  used. 


HEDM  applications  could  include  relatively  near-term  chemical  "additives”  in  existing 
propellants  and  vehicles  for  incremental  improvements  in  performance,  through  far- 
term.  totally  new  propellant  combinations  aifo  vehicles  for  quantum  improvements  in 
performance.  Note  that  near-term  HEDM  species  used  in  existing  systems  could 
provide  significant  benefits  to  launch  vehicles  and  upper  stages  and  result  in  a 
potentially  major  impact  to  commercial  users  where  launch  costs  are  typically 
comparable  to  payload  costs.  For  example,  a  near-term  fuel  or  oxidizer  HEDM 
compound  added  to  the  first-stage  propellants  (RP-1  and  LOX)  of  the  DELTA  7920 
launch  vehicle  could  increase  the  mass  of  paytoad  delivered  to  low  Earth  orbit  by  2  % 
for  every  1  %  increase  in  specific  impulse.  Far-term  HEDM  systems  may  enable 
ambitious  space  missions  of  the  21st  century;  for  example,  an  advanced  HEDM 
systems  might  give  performance  similar  to  that  of  a  nuclear  thermal  propulsion  (NTP) 
vehicle,  but  without  the  complexity  of  the  nuclear  power  system.  However,  in  order  to 
realize  these  potential  benefits,  it  will  be  necessary  to  develop  HEDM  systems  that 
increase  specific  impulse  without  adversely  impacting  the  vehicle  "dry"  mass,  storage 
lifetime,  response  time,  safety,  cost,  and  so  on,  as  well  as  meet  any  user-unique 
requirements  (e.g.,  man-rating,  etc.). 
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NASA  HEDM  NEEDS  AND  OPPORTUNITIES 
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•.■et  Propulsion  Laboratory 
California  Institute  of  Technology 
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JPL  EXAMPLES  OF 

COMMON  REQUIREMENTS 


and  AV,  reduce 
trip  time 


J|3L  LAUNCH  VEHICLE  COST  A  MAJOR  DRIVER 


LAUNCH  VEHICLE  COST  (FY'92  $  M) 


JPL  LAUNCH  COSTS  >$10M/MT  ($1 0,000/kg) 

WITH  EXISTING  LAUNCH  VEHICLES 


PAYLOAD  LAUNCH  COST  (FY'92  $  M  /  METRIC  TON  OF  PAYLOAD) 
($  M  /  Matric  Ton  s  $  1,000  /  kg  s  $  454  /  pound) 
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Far-term,  totally  new  propellant  combinations  and  vehicles  for 
quantum  Improvements  In  performance 


MODEST  IMPROVEMENTS  IN 
SPECIFIC  IMPULSE  CAN  PROVIDE 
SIGNIFICANT  SAVINGS 
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Baseline  Stage  1  Stage  1  Stage  1  Stage  1 
Delta  II  RP-1/LOX  RP-1/LOX  RP-1/LOX  RP-1/LOX 

7920  HEDM  HEDM  HEDM  HEDM 
{*  1  %  Isp)  (+  2  %  Isp)  (4-  3  %  Isp)  (-f  4  %  Isp) 


JPL  ADVANCED  HEDM  SYSTEMS 

CAN  COMPETE  DIRECTLY 
WITH  NUCLEAR  PROPULSION 
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of  the  21st  century 

Ultimate  goal  is  to  develop  HEDM  systems  that  increase  isp 
without  adversely  impacting  vehicle  "dry"  mass,  storage  lifetime, 
response  time,  safety,  cost,  etc. 


Studies  of  Novel  Metal  Complexes: 
Modds  of  Metal-Seeded  Energetic  Materials 


Michael  A.  Duncan 


Department  of  Chemistry 
University  of  Georgia 
Athens,  Georgia  30602 


Light  metals  sudt  as  lithium,  magnesium  or  aluminum  are  interesting  as  additives  to 
pure  conqxMient  fuels  to  achieve  advanced  heterogeneous  propellants.  The  high  exoergicity 
of  oxidation  for  metals  sudi  as  these  enhances  propellant  efficiency  relative  to  the  reflective 
pure  otmiponent  systems.  There  is  a  si^ficant  interest,  therefore,  in  the  jnqnration  of 
highly  diftersed  metal  systems  and  in  tl^  fundamental  chemical  intoacticMis  in  these 
systems.  In  our  laboratory,  fundamental  intoactimis  in  highly  difiersed  metal  systems  are 
studied  in  foe  form  of  weakly  bound  metal  complexes  prepared  and  studied  in  foe  gas  phase 
uang  molecular  beam  laser  spectroscopy  and  mass  f)ectroscq>y  methods. 

Eqieriments  over  foe  last  two  years  have  focused  on  ion-molecule  complexes 
containing  the  magnenum  ion,  Mg'**.  Mg'*'  has  a  simple  electronic  structure,  and  it  has  a 
strong  electronic  resonance  line  (^S  ^P)  near  280  nm.  Complexes  containing  Mg'** 

cfmHcnwfl  with  Small  molecules  ate  expected  to  absorb  near  this  resonance  line.  Howevo-, 
foe  complexes  will  have  characteristic  spectral  shifts  and  multiplet  structure  in  their 
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dectrooic  states  tkpending  on  the  details  of  the  structure  and  IxMiding  in  the  system.  These 
details  have  been  predicted  with  ab  initio  quantum  chemistry  calculations  by  Bauschlicher 
and  ooworicers.  Therefore,  calculations  can  be  used  to  guide  qrectroscopic  searches  and  to 
understand  the  spectra  cfosavcA.  The  combined  approach  of  theory  and  qiectroscopy  can 
provide  considerable  insight  into  the  fundamental  interactions  in  tlrese  systems,  udiich  will 
be  useful  in  extr^mlating  to  understand  bulk  condensed  phased  systems. 

Initial  eaqreriments  described  at  la^  year’s  contractor’s  meeting  have  examined 
complexes  of  Mg'**  with  CO2  and  with  H2O.  Both  of  these  systems  are  observed  to  form 
ion-molecule  complexes  with  reasonably  strong  btmding.  As  expected,  vap(»ization  of  a 
magnesium  sample  in  expansions  crmtaining  these  molecules  produces  an  abuiulance  of 
clusters.  These  clusters  are  mass  selected  and  studied  with  laser  ^rfrotodissodation 
spectroscopy  in  a  time-of-flight  mass  spectrometer  system.  The  dissociation  products  are 
measured  while  the  laser  is  tuned  to  obtain  the  photodissodation  spectrum.  Since  last  year 
we  have  completed  the  vibrational  analysis  in  the  two  excited  electronic  states  observed  for 
Htt  Mg'^-H20  and  Mg'''-D20  complexes,  and  have  identified  all  the  vibradcmal  modes  in 
tire  system.  We  have  also  achieved  partial  rotational  resolution  in  the  analysis  of  the  origin 
band  of  the  lower  ^82  electronic  state.  This  analysis  confirms  that  the  complexes  have  the 
C2v  structure  predicted  by  theory,  and  thsu  the  H-O-H  angle  is  approximately  109**. 

In  other  new  work  over  the  last  year,  we  have  tried  to  extend  the  study  of  magnesium 
ion  complexes  to  additional  systems  with  even  weaker  bonding.  We  have  pursued  new 
pulsed  nozzle  designs  to  achieve  more  extensive  cooling  in  the  complex  systems,  with  the 
eventual  goal  of  obtaining  data  for  hydrogen  complexes.  As  a  result  of  these  studies,  we 
have  been  able  to  study  some  of  the  weakest  bonded  metal  complexes  yet  investigated, 
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•Ar  and  Mg'*'-Kr.  Both  of  these  complexes  have  the  same  dectronic  state  pattern  we 
observed  previously  for  foe  linear  Mg'^-C02  complex.  There  is  a  h:'*’  ground  state,  and  two 
excited  states,  %  and  (2)^'*',  correlating  to  the  Mg'**  (^P)  excited  asymptote.  We  observe 
a  hv^y  structmed  qtectrum  for  both  comjdexes  in  the  transitioa.  The 

pbotodisaodation  qwctnim  for  Mg'^'-Ar  is  shown  in  Figure  1.  Vibrational  frequencies  and 
diModation  energies  derived  from  these  new  ^)ectia  are  given  in  Table  1,  whoe  tlwy  are 
compared  to  the  data  for  the  other  magnesium  complexes  we  have  studied.  Excqx  for  the 
Mg'^-I>2  comfdex  recently  iqxnted  by  Stwalley  and  coworkers,  the  Mg'^'-Ar  spectrum  is  the 
most  weakly  bound  metal  ion  system  to  be  studied  q^ectroscqncally. 

We  have  conducted  similar  photodissociatimi  ^)ectioscopy  studies  on  the  Mg'^'-Kr 
conqdex.  Its  vibrational  frequency  is  similar  to  that  of  foe  Mg'^'-Ar  complex,  but  its  binding 
energy  is  greater,  as  expected  based  on  its  greater  polarizability.  The  spin-orbit  iq>litting 
value  fcv  die  kryiMon  complex  is  surprising,  since  it  is  greater  than  the  value  in  the  isolated 
Mg'**  ion  (142  versus  92  cm*^).  In  the  other  linear  complexes  which  exhibit  this  q»n-oibit 
qriitting,  its  value  is  less  than  that  in  foe  isolated  atom  (i.e.,Mg'^-C02*-56cm'^;  Mg'^-Ar:76 
cm"^). 

In  the  magnesium  ion  complexes  we  have  studied,  the  vibrational  structure  we 
measure  is  in  the  excited  electronic  state  of  the  complex.  Howeva,  theoretical  calculations 
most  often  investigate  foe  ground  electrcmic  state.  We  have  therefore  b^un  to  develc^  a 
new  ^rectroscopic  tedmique  which  will  probe  the  ground  state  of  the  metal  complexes 
directly.  Mass  analyzed  threshold  ionization  (MATI)  is  a  newly  discovered  technique  which 
is  a  variation  of  photoelectron  qiectroscopy.  However,  it  is  a  "high  resolution"  technique, 
providing  qrectial  bandwidfos  of  a  few  cm'^’sfor  typical  spectra.  MATI  has  been  explored 
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for  offuic  mcdecules  and  clusters,  but  it  had  not  bem  demonstrated  previously  for  a  metal 
flnwtaining  cluster  OT  complmc.  We  have  now  obtained  the  first  example  of  a  MAT! 
spectrum  for  a  metal  complex  in  the  form  of  Al-Ar.  This  qiectrum  is  shown  in  Figure  2. 

In  foe  MATI  experiment,  ionization  is  achieved  at  threshold  with  a  tunable  dye  laser. 
For  Al'Ar,  the  ionizatimi  potential  is  about  S.8eV,  which  requires  a  tunable  dye  laser  near 
210  nm.  The  MAH  technique  makes  it  possible  to  measure  not  only  the  initial  appearance 
potential  for  the  molecule,  but  also  vibrcmic  threshold  in  the  correqxmding  cation. 
F«Cftation  of  the  complex  near  the  ionization  potential  populates  highly  excited  Rydberg 
states  of  the  neutral  complex.  These  Rydbe^  states  are  available  at  each  vibronic  threshold 
in  tile  system.  A  small  DC  electric  field  deflects  ions  formed  directly  by  the  laser.  Highly 
excited  neutral  Rydbergs  formed  vanishingly  close  to  a  vibronic  threshold  are  ionized  by  a 
time-delayed  pulse  electric  tield  to  form  the  MAH  signal,  which  is  then  detected  in  the 
parent  ion  mass  channel.  There  are  many  critical  design  parameters  in  foe  MAH 
experiment  which  affect  the  intmpretation  of  the  results.  However,  vibixmic  spectroscopy 
can  be  obtained  with  good  resolution. 

In  the  Al-Ar  experiment,  a  short  progression  of  lines  is  observed  which  are  assigned 
to  the  Al'^-Ar  stretching  progression  in  its  ground  state.  The  frequency  is  67  cm‘^  The  1,1 
sequence  band  allows  determination  of  the  frequency  (AG1/2)  foi*  fo^  Al-Ar  neutral  ground 
state  (39  cm'^).  These  data  are  the  first  ever  for  the  ground  state  of  a  metal  ion  complex, 
and  th^  compare  favorably  with  theory,  as  indicated  in  Table  2. 


Tible  1.  Spectroscc^ic  constants  of  magnesium  ion  complexes  studied  with 
photodissociation  spectroscopy. 


Com|dex 

®e'(Mg'*‘ 

Exp. 

-L)  (cm-*) 

Theory* 

Do' 

Exp. 

(kcal/mol) 

Theory* 

Structure 

Mg+-€X)2 

382 

359 

14.7 

16.4 

Linear 

Mg^-HjO 

517 

505 

25.0 

32.2 

C2v 

Mg+-Ar 

272 

- 

3.6 

3.25 

Diatomic 

Mg+-Kr 

258 

5.8 

Diatomic 

*  Bauschlicher  and  coworkers. 


Table  2.  SpectrDScq>ic  cxmstants  for  Al-Ar  and  Al'*'-Ar  measured  in  MATI  spectroscopy. 


This  Work  Theory*  Prev.  Exp, 

Al’Ar 

(cm'‘) 

Do'  (cm->) 

r.'  (A) 


1 

+ 

67.4 

76 

- 

• 

Dq'  (cm‘‘) 

- 

921 

982® 

r.”  (A) 

- 

3.22 

- 

a  Bauschlicher  and  coworkers, 
b  Racket  and  coworkers, 
c  Morse  and  coworkers. 


39  (AGi/2) 

29 

32** 

- 

121 

122® 

4.05 
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Photofrasmentation  of  Magnesium  Cluster  Ion-Molecule  Complexes 

L.  N.  Ding,  P-  D.  Kleiber,  W.  C.  Stwslley,  and  M.  A.  Young 
University  of  Iowa,  Iowa  City,  Iowa  52242 

Abstract 

Magnesium  duster  ion-molecule  complexes  (M^^,  Mg^,  and  MgsCO^ )  ue  formed  in  a 
pulsed  laser  vaporization  mdecular  beam  source,  mass  selected  and  studied  by  laser  photofragmai- 
tation  spectroscopy  in  an  angular  reflectron-time-of-flight  mass  spectrometer.  These  spectroscopic 
techniques  give  information  about  the  structure  of  the  complex  and  the  energy  disposal  dynamics 
indnding  both  reactive  and  nonreactive  dissodation  pathwajrs.  We  describe  recent  results  on  three 
systems:  (1)  reactive  fragmentaticn  in  MgD^;  (2>  ’/ector  corrdations  in  the  photodissodation  of 
Mg^;  and  (3)  photofragmentation  dynamics  in  MgaCO^. 

I.  Introduction 

We  report  results  from  recent  investigations  of  the  photofragmentation  of  magnesium  duster 
ion-molecule  complexes.^  Ouster  ions  are  formed  in  a  laser  vaporization  source,  mass  sdected, 
and  studied  by  laser  photodissodatimi  spectroscopy  in  an  angular  reflectron  time-of-flight  mass 
spectrometer.  These  spectroscopic  techniques  ^ve  information  about  the  structure  and  energy 
disposal  dynamics  in  size  sdected  molecular  dusters.  Ultimatdy,  such  studies  on  microscopic 
systems  can  form  the  basis  for  a  more  thorough  understanding  of  the  processes  whidi  govern 
dectronic  energy  rdaxation  in  the  condensed  phase. 

Magnesium  ions  are  sdected  as  the  core  chromophore  in  our  work  for  both  theoretical  and 
practical  reasons.  The  rdative  simplidty  of  Mg’**  makes  it  possible  to  carry  out  high  quality 
theoretical  calculations.  In  addition,  Mg^'*’  has  been  suggested  as  a  possible  high  energy  density 
storage  medium.  The  thrust  of  our  work  has  been  toward  studies  of  complexes  with  a  Mg}  core. 
Here  the  core  has  significant  internal  structure  whidi  opens  many  additional  interesting  energy 
disposal  pathways.  In  most  cases  the  dectronic  transition  dipole  moment  will  be  localized  on  the 
Mg^  chromophore.  It  is  then  possible  to  exdte  states  of  different  dectronic  symmetry,  as  wdl 
as  vibratioial  and  rotaticmal  degrees  of  freedom  within  the  core,  and  to  investigate  these  effects 
on  the  subsequent  fragmentation  dynamics.  Following  exdtation  of  the  complex,  the  dissodation 
may  proceed  through  dther  breaking  the  (tnfromolecular)  Mg-Mg  bond,  or  the  (tntermdecnlar) 
Mg-ligand  bond.  The  dissodation  may  be  direct  (as  in  cases  where  the  laser  accesses  a  puxdy 
repulsive  dectronic  surface),  or  indirect  (proceeding  through  dectronic,  vibrational,  or  rotational 
predlssodation).  In  many  cases  reactive  fragmentation  channels  may  be  accessible.  It  is  also 
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possible  to  directly  pump  a  purely  repulsive  electronic  state  of  the  Mg}"  core,  driving  the  metal  atom 
or  atomic  ion  into  the  molecular  adduct,  and  to  study  the  subsequent  chemistry  under  conditions 
of  well-defined  geometry,  angular  momentum,  and  energy.  Caging  of  the  Mg  atom  in  the  binary 
complex  may  be  important  in  some  systems.  Examples  of  many  of  these  processes  will  be  ipven  in 
the  fcdlowing  discussion. 

We  describe  below  recent  results  from  our  spectroscopic  studies  on  three  systems:^  reactive 
fragmentation  in  MgD^ ;  observation  of  vector  correlations  in  the  photodissociation  of  bare  Mg^ ; 
and  caging  and  competitive  branching  in  the  photofragmentation  of  MgjCO^. 


II.  Experimental 

The  experimental  details  have  been  given  previously.^  We  use  standard  laser  vaporization 
techniques  to  generate  the  magnesium  cluster  ion-molecule  complexes.  The  supersonic  expansion 
is  initiated  by  a  carrier  gas  pulse  from  a  supersonic  valve.  The  gas  pulse  fiows  over  the  Mg  target 
rod,  and  through  an  extension  channel  where  cooling  and  clustering  occurs.  In  some  experiments 
the  extension  channel  is  in  thermal  contact  with  a  liquid  nitrogen  reservoir  and  is  cooled  to  lOOK 
to  enhance  the  formation  of  weakly  bound  complexes. 

The  second  harmonic  of  a  poised  Nd:YAG  laser  is  focused  onto  the  Mg  target  rod  and  timed 
to  hit  the  rod  near  the  middle  of  the  carrier  gas  pulse.  We  use  interchangeable  source  blocks 
and  two  different  geometries  have  been  tested;  in  the  ‘^longitudinal”  source  the  vaporization  laser 
counterpropagates  through  the  gas  flow  channel  to  strike  the  Mg  rod  which  is  inserted  directly  into 
the  flow  channel;^  the  “transverse”  source  is  of  the  standard  Smalley-type  design.* 

Downstream  from  the  nozzle  the  molecular  beam  passes  through  a  skimmer  into  the  extrac¬ 
tion  chamber.  Ions  are  pulse  extracted  at  right  angles  into  a  differentially  pumped  drift  chamber 
which  houses  the  reflectron  assembly.  The  extraction  and  accderation  voltages  are  adjusted  to 
achieve  Wiley- McLaren  space  focusing  conditions.  Ions  are  mass  selected  with  a  pulsed  mass  gate 
focused  into  the  reflectron. 

A  tunable,  frequency-doubled  pulsed  dye  laser  is  time  delayed  to  “probe”  the  “target”  parent 
ion  at  the  turning  point  in  the  reflectron.  Following  fragmentation,  parent  and  daughter  ions 
are  reaccelerated  back  into  the  flight  tube  and  detected  by  a  microchannel  plate  detector.  A 
digital  oscilloscope  and  gated  integrators  are  used  to  monitor  the  mass  spectrum.  Two  types  of 
measurements  are  carried  out.  The  time-of-flight  mass  spectrum  can  be  measured  at  a  fixed  probe 
laser  wavelength.  Alternatively,  the  detection  system  may  be  gated  to  collect  a  selected  daughter 
ion  as  a  function  of  wavelength  yielding  a  fragmentation  “action”  spectrum. 
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m.  R«aults 


A.  Reactive  Pbotoingmeatatioa  in  MgDj 

We  r^rt  studies  of  chemical  reaction  and  photofragmentation  of  iscdated  MgD^  ion- 
molecule  complexes.^  (’^MgD^  was  chosen  over  for  reasons  of  experimental  convenience 

in  «Migning  the  mass  spectrum.)  The  photofragmentation  process  may  be  schematically  described 

m; 


MgDj-l-Aj/,  — *(MgD^)- 

followed  by 

(MgD?)*  — MgD++D 
— .Mg++D2 
— ►  Mg*  -i-  Dj  -i- 
-^(Mg+)--|-Dj 


(excitation) 


(reaction)  (1) 

(predissociation)  (2) 

(radiative  dissociation)  (3) 

(direct  photodissociation) .  (4) 


We  have  observed  reproducible  molecular  absorption  bands  to  the  red  of  the  Mg'**  (3^5  — 
3^P)  resonance  transition  in  the  spectral  repon  from  280nm-315nm.  In  this  spectral  range, 
^^MgD*^  is  the  only  fragment  daughter  ion  clearly  observed  corresponding  to  the  reactive  channri 
(1)  above.  Remarkably,  the  reactive  action  spectrum  shows  significant  structure  (Fig.  1).  The 
spectrum  consists  of  a  broad  continuum  with  overlapping  sharp  discrete  resonances  showing  a  clear 
vibrational  progressicm,  suggesting  two  reaction  mechanisms:  a  direct  (rapid)  and  an  indirect  (slow) 
pathway. 

We  tentatively  assign  the  observed  molecular  spectrum  to  the  perpendicular  I’Ps, 

Ai  electronic  transiti<ms  in  Cjv  geometry.  We  assign  the  continuum  background  to  the  transition 
*-  l^Ai .  Based  on  previous  studies  of  reactions  in  other  metal-atom-Hs  systems,*  and  on 
the  ab  initio  calculations  of  Banschlidier^  on  MgH^,  we  propose  that  reaction  on  the  MgD^(l*P3) 
surface  can  proceed  directly  and  rapidly,  probably  through  metal-ion  insertion  into  a  D-Mg^-D 
transition  state. 

Superimposed  on  this  continuum  background  we  can  clearly  identify  a  vibrational  progrcsrion 
in  the  exdted  state  with  decreasing  spacings  from  489  to  314cm''*.  The  values  ate  quite 

consistent  with  the  expected  value  (w,  s:  588 cm"*)  for  the  state  predicted  in  the  theoretical 
ab  initio  calculations  of  Bauschlicher.^  The  observed  anharmonicity  yields  an  estimate  for  n: 
14  cm"*. 

There  is  also  distinct  substructure  udthin  each  member  of  the  progresrion;  this  can  be 
plausibly  assigned  to  K  sub-band  structure  in  the  «-  1*  Ai  perpendicular  electronic  excitation, 
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doe  to  rotational  traiuitions  Km>‘  *=  0  — »  =  1  in  ortho-,  and  =  1  — »  JT.*  =  0,2  in  para- 

MgD^  respectively.  These  resonances  exhibit  widths  of  ^  20cm“^  The  observed  widths  put 
a  lower  limit  on  the  lifetime  of  these  states  of  0.3  ps,  corresponding  to  an  intermediate  state 
lifetime  greater  than  ~  3  vibrational  periods.  This  indirect  reaction  mechanism  may  occur  through 
weak-coupling  of  the  state  to  the  state. 

Based  on  our  tmitative  assignment  of  the  K  sub-band  structure  we  can  estimate  values 
(A"  and  A')  for  the  a-axis  rotational  constants  in  the  ground  (l^Ai)  and  exdted  states 

respectivdy.  '^he  a  axis  corresponds  to  the  Ct  symmetry  axis,  i.e.,  to  the  axis  of  the  minimum 
moment  of  inertia.  The  experimental  values  are  A"  s  34  ±  4  cm'*  and  A'  =  22  i  4  cm'*,  both 
in  reasonable  agreement  with  the  theoretical  predictions  of  Bauschlicher^  [A"  s  30.0  cm'*  and 
A'  =  29.3  cm'*]. 

B.  Vector  Correlations  in  the  Pbotodlssocistioa  of  Mg^ 

We  have  observed  photodissociation  of  Mg]  via  the  lowest  repulsive  state.  The  process 
may  be  described  as: 

Mg? (1*E+)  +  hi/(«  630nm)  -  Mg?*(l»E+)  ^  Mg+(38*S)  -I-  Mg(3s»  *S)  (5) 

(Fig.  2).  The  photodissociation  action  spectrum  consists  of  a  broad  structureless  continuum  ranging 
firom  580 nm  to  690nm. 

We  have  carried  out  spectral  simulations  based  on  the  theoretical  ab  initio  potential  oiergy 

/ 

curves  of  Sodupe  et  alJ^  The  calculated  spectrum  has  an  overall  shape  similar  to  the  experimental 
profile  but  with  the  peak  shifted  'v  50nm  to  longer  wavelengths.  To  obtain  a  better  spectral  fit,  we 
slightly  modified  the  repulsive  wall  of  the  I’S?  state;  the  adjusted  repulsive  potential  is  shown  as 
the  dashed  curve  in  Fig.  2.  With  this  change,  we  obtain  the  excellent  agreement  with  the  observed 
spectrum. 

The  observed  Mg'**  daughter  ion  TOF  spectrum  is  shown  in  Fig.  3  for  two  different  ori¬ 
entations  of  the  probe  laser  polarization  with  respect  to  the  plane  of  the  ion  trajectory.  The 
characteristic  structure  demonstrates  a  correlation  between  the  laser  polarization  vector  (E),  the 
transition  dipole  moment  (/i),  and  the  recoil  velocity  vector  (v).’ 

The  photofragment  angular  probability  distribution  function,  W,  uriU  be  of  the  form 

W(».  X)  =  ^  (1  +  «x)P»(e«(»))l  (•) 

where  0{x)  —  2P3(co8(x)).  In  Eq.  (6),  9  is  the  angle  between  the  dissociation  laser  ptdarization 
vector  (t)  and  the  recoil  velocity  vector  (v)  of  the  daughter  ions,  and  ^  is  the  anisotropy  parameter 
(where  x  i>  the  angle  between  the  transition  dipole  moment  (ji)  and  the  recoil  velocity  vector  (v)). 
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F<w  tUt  the  treniition  dipole  it  penlld  to  the  iaternudear  axis  (E  -  E,  AA  *  0).  F>uther, 

the  will  be  iatt  idative  to  the  time  scale  for  molecular  rotation.  In  this  case  the  axial 

recoil  ^^proximation  will  be  valid  and  will  take  on  the  limiting  value  s  +2. 

The  letulting  aaitotropic  vdodty  dittribution  will  be  apparent  in  the  fragment  km  ItgM  time 
profile.  We  expect  a  splitting  in  the  vdodty  distribution  (i.e.,  the  flight  time  distribution),  which 
we  indeed  observe  expmimentally,  as  shown  in  the  ieft>hand  trace  of  Fig.  3(a).  The  distinct  peaks  in 
Fig.  3(a)  essentially  represent  fragments  with  initial  center  of  mass  vdodties  dther  directly  tosrnrd 
directly  away  from  the  detector.  The  peak-to-peak  time  separation  is  rdated  to  the  fragment 
recdl  vdodty,  and  hence  the  kinetic  energy  rdease. 

Fitting  the  TOF  spectrum  enables  ns  to  determine  the  magnitude  of  the  recoil  vdodty  in 
the  fragment  center-of-mass  frame,  and  to  verify  the  value  of  the  anisotropy  parameter.  We  note 
that  most  rtf  the  flight  time  separation  between  the  peaks  occurs  during  the  acederation  phase 
inside  the  reflectron  assembly.  The  dectric  Add  is  nearly  constant  over  a  wdhdefined  length  and 
simple  kinematics  arguments  can  be  used  to  accuratdy  rdate  the  flight  time  to  the  recoil  vdodty 
and,  hence,  the  recoil  energy.  The  experimental  TOF  distribution  is  not  as  sharp,  of  course,  as 
that  predicted  by  the  basic  theory.  The  finite  width  of  the  experimental  spectrum  is  due  to  the 
spatial  and  temporal  spread  of  the  parent  ion  packet,  and  the  finite  spatial  overlap  between  the 
laser  and  the  parent  ion  packet  in  the  refiectron.  These  systematic  efiects  can  be  taken  into  account 
by  convduting  the  predicted  distribution  with  an  apparatus  function,  chosen  to  be  a  Gaussian  with 
an  adjustable  width.  The  simulated  fit  to  the  flight  time  distribution  for  a  particular  value  of  the 
wavdength  is  shown  in  the  right-hand  trace  in  Fig.  3(a).  Also  shown  in  Fig.  3(b)  are  the  observed 
and  simulated  TOF  distributions  for  the  dissodation  laser  polarised  perpoidicnlar  to  the  detectmr 
axis  (E  J.  k).  This  fitting  procedure  is  carried  out  at  several  wavdengths.  The  calculated  kinetic 
energy  rdease  varies  across  the  photodissodation  spectrum  from  E  »  4,100cm~*  at  A  s  680nm 
to  E«  7,100cm~*  at  A  s  590nm. 

FVom  Fig.  2  it  is  dear  that  (n^ecting  the  small  amount  of  internal  energy)  the  binding 
energy  Dg  for  the  ground  state  can  be  rdated  to  the  reoul  energy  E  by 

Dj  =  iu/-E.  (7) 

The  binding  energy  thus  calculated  is  fairly  constant  over  the  spectrum  with  a  mean  value  of 
Dq  »  10,200:k300cm~'*.  Our  experimental  result  is  in  good  agreement  with  the  theoretical  ab  initio 
results  of  both  Durand  tt  (Dg  a  9,600cm~*)  and  Sodupe  et  aL*  (Dg  s  10,400cm*~*). 

The  maximum  value  of  the  observed  anisotropy,  s  2,  hdds  across  much  of  the  spec¬ 
trum  (A  <  620nm,  A  >  660nm)  and  indicates  a  ‘‘dean”  fragmentation  process  through  channd 
(5).  Remarkably,  however,  in  the  middle  r^on  of  the  spectrum  (A  ~  620->660nm),  the  best  fit 


0  difien  dgniBcantly  from  the  expected  extreme  value.  This  presumably  indicates  an  alternate 
photo(Ussociation  channd. 

Pwhtrt  the  most  reasonable  explanation  for  the  competing  channel  involves  photodissoda- 
tioii  of  bound  metastable  M|^(l*n,).  If  MgJ’ (i’ll,)  is  formed  in  the  laser  vaporization  source  it 
should  be  quite  long-lived.  If  it  survives  into  the  r^ectron,  we  may  observe  the  photodissociation 
channel 


MgjCl’n,)  ^  hv(~  640nm)  MgJ(2’E+  or  I’H,)  Mg+(3s’S)  Mg-(3p’P) .  (8) 

The  s  -1  transition  to  the  2’E^  state  continuum  could  explain  the  apparent  anomaly  in  the 
anisotropy  parameter  in  this  region. 

C.  PhotoCngmentitioii  Dynimica  of  MgjCO} 

We  report  the  photofragmentation  spectroscopy  of  MgjCO^  in  the  visible  region  of  the 
spectrum  (425  nm  <  A  <  725  nm).’  Two  molecular  absorption  bands  are  observed:  a  red  band 
ranging  from 630  nm  to  ~  725  nm  (Fig.  4)  and  a  green  band  ranpng  from  530  nm  to  'v  568  nm 
(Fig.  5).  In  each  band  both  Mg*^  and  Mgf  daughter  fragments  are  clearly  observed,  although  with 
different  action  spectra.  The  photodissociatimi  process  may  be  schematically  described  as 

MgjCOj  +  ht/  —  (MgaCO,)*- 


followed  by, 

(MgjCO,  )+•  —  Mg+  +  Mg  +  COa  (or  MgCOa,  or  MgO  -I-  CO)  (10) 

(MgaCOa)+‘  Mg}  -I-  COa  .  (11) 

Based  on  the  theoretical  calculations  of  Sodupe  et  al*  we  tentatively  assign  the  red  band  as 
I’n  I’E"*",  and  the  green  band  as  2’E‘*’  < —  I’E'*’,  in  a  linear  MgaCO^  complex. 

In  the  red  band,  both  the  Mg'**  and  Mg^  fragment  action  spectra  show  a  series  of  weak 
discrete  peaks  with  spacings  of  approximately  35  cm"’ ,  superimposed  on  a  strong,  broad  continuum. 
These  results  suggest  two  fragmentation  mechanisms:  a  weak,  slow  (indirect),  and  a  strong  ra]nd 
(direct)  pathway. 

The  red  band  transition,  I’lI  *—  I’E'*’,  is  to  an  excited  state  surface  which  corrdates  in 
bare  Mg^  to  a  deeply  bound,  metastable  state  (Fig.  2).  Given  this  assignment  we  might  evplaia 
the  observed  Mg^  daughter  ion  as  resulting  from  vibrational  predissociation  of  the  complex,  friitial 
vibronic  excitation  in  the  Mg^  chromophore  could  couple  to  the  intermolecular  Mg}  —  CO3  bends 
and  stretches,  and,  hence,  break  the  intermolecular  bond.  However,  the  observed  vibrational  spac¬ 
ings  are  very  low  in  frequency  30— 40  cm ~’),  and  show  a  ne^gible  anharmonicity.  This  suggests 
that  these  resonance  features  are  more  likely  due  to  the  low  frequency  interm<decular  vibrational 
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modes  (protmUy  th«  -  CO3  bead),  rather  than  aoy  of  the  higher  f^ueocy  intramolecalar 
oiodes. 

The  vibratioaal  structore  in  both  Mg'**  aad  M^  channds  is  quite  weak  in  compariKm  to 
the  underiying  continuum  and  was  only  apparent  after  extensive  signal  averaging  (Fig.  4).  This 
suggests  the  coupling  from  the  bending  mode  to  the  dissociation  coordinate  (whidi  presumably 
involves  the  Mg^  -  COa  stretch),  may  be  weak  aad  inefficient.  This  suggestion  is  supported  by  the 
tescmaace  widths  which  give  a  lower  limit  <m  the  complex  lifetime  of  ~  3  ps. 

In  both  the  Mg'**  and  M^  action  spectra  the  dominant  feature  is  the  broad  amtiauum,  in¬ 
dicative  of  a  rapid  dissociation  pathway.  We  believe  the  fragmoitation  may  occur  through  dectrtmic 
preffissociation,  perhaps  on  an  inner  wall  1^11— surface  crossing  induced  by  the  presence  of  the 
CO3.  This  process  must  be  accompanied  by  efficient  E-V,&  enogy  transfer  or  the  fragments  would 
be  translationally  hot.  If  sufficient  energy  is  transferred  to  the  CO3  fragment,  the  Mg-Mg***  prod¬ 
ucts  may  relax  into  bound  vibrational  levds  of  the  Mg^(l*E^ )  ground  electronic  state.  The  above 
discussion  is  speculative  in  nature,  and  is  meant  primarQy  to  stimulate  more  detailed  themetical 
calculations  of  the  relevant  MgaCOj  potential  energy  surfaces  and  the  dynamics  thereupon. 

The  green  band  (Fig.  5)  has  been  assigned  as  the  parallel  transition  2’S'**  « —  I’E'*'  in 
MgaCO} ,  to  an  excited  state  surface  which  corrdates  with  the  purely  repulsive  l^Ej**  state  of  bare 
M^.  This  agreement  it>  conustent  with  the  observation  that  the  Mg'**  fragmentation  channd  dom¬ 
inates  over  the  Mg^  channel.  The  weak  Mg^  daughter  ion  signal  can  be  rationalised  as  the  result 
of  caging^^  by  the  CO3  partner  in  the  complex,  i.e.,  the  Mg  atom  fragment  impnlsivdy  transfers 
its  kinetic  energy  to  the  CO3  mdecule  before  the  fragments  have  separated  appreciably.  Note  that 
the  linear  geometry  of  the  Mg3C03  complex*  should  enhance  the  caging.  In  many  respects  oar 
green  band  results  are  similar  to  those  of  Lineberger  and  co-workers  on  the  photodisaociatioa  of 
X3(C03)a  clusters  (X  s  Br,I).**  In  both  cases  the  photodissociation  proceeds  through  a  state 
which  correlates  with  a  purely  repulsive  electronic  state  of  the  active  chromophore.  However,  in 
X3(C03)a  t  it  was  found  that  more  than  one  CO3  molecule  was  necessary  to  observe  the  cage  effect. 
In  our  work  the  observation  of  Mg]  from  the  parent  MgsCO]  implies  that  one  CO3  is  sufficient 
to  cause  an  observable  caging.  The  observed  difference  in  behavior  may  simply  be  a  rdative  mass 
effect  and  reflect  the  effidency  of  the  energy  transfer  process.  Both  Br  and  I  are  significantly  heav¬ 
ier  than  CO3  while  Mg  is  much  lighter  and  therefore  more  easily  'Reflected”.  Also,  the  differences 
in  the  potential  interactions  of  the  halogen  anions  and  the  Mg'**  cation  vrith  CO3  may  ^ay  a  role. 
Note  also  in  Fig.  5  that  the  peak  in  the  action  spectrum  for  the  Mgj  fragment  is  redshifted  id- 
ative  to  the  corresponding  peak  in  the  Mg'**  action  spectrum,  suggesting  that  the  caging  is  mote 
effective  with  less  excess  photon  energy.  This  observation  is  consistent  urith  the  condunm  drawn 
by  Lineberger  aad  co-woricers  that  the  ca^ng  mechanism  operative  in  small  dusters  appears  to  be 
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c(»tiaUcd  primarily  by  the  pbotcm  energy,  wbidi  correlates  with  the  kinetic  energy  of  the  nascent 
atoms. 


Ackaowledginentn 

We  gratefully  acknowledge  Drs.  C.  W.  Banschlkher  and  H.  Partridge  for  theoretical  support 
and  Prof.  A.  M.  Lyyra  for  hdp  in  the  experimottal  design.  We  also  thank  Pnrf.  W.  H.  Breckenridge 
for  suggesting  the  interpretation  of  the  K-subband  structure  in  the  photofragmentation  spectrum 
of  MgO^.  This  research  was  supported  by  the  University  Dayton  Research  Institute  (under 
subcontract  RI-69387X  to  Air  Force  Contract  F04611-88-C-0020). 

References 

^L.  N.  Ding,  M.  A.  Young,  P.  D.  Kldber,  W.  C.  StwaUey,  and  A.  M.  Lyyra,  J.  Phys.  Chem.  97, 
2181  (1993). 

^L.  N.  Ding,  P.  D.  Kldber,  M.  A.  Young,  W.  C.  StwaUey,  and  A.  M.  Lyyra,  Phys.  Rev.  A  (in 
press). 

^L.  N.  Ding,  M.  A.  Young,  P.  D.  Kldber,  and  W.  C.  StwaUey,  Chem.  Phys.  Lett,  (submitted). 
^D.  E.  Lessen  and  P.  J.  Brucat,  J.  Phys.  Chem.  90, 6296  (1989). 

*T.  G.  Dietz,  M.  A.  Duncan,  D.  £.  Powers,  and  R.  E.  SmaUey,  J.  Phys.  Chem.  74, 6511  (1981). 

*S.  Bililign,  P.  D.  Kldber,  W.  R.  Kearney,  and  K.  M.  Sando,  J.  Chem.  Phys.  96, 213, 218  (1992); 
and  references  therdn. 

^C.  W.  Bauschlicher,  Jr.,  Chem.  Phys.  Lett.  201, 11  (1993). 

*M.  Sodupe,  C.  W.  Bauschlicher,  Jr.,  and  H.  Partridge,  Chem.  Phys.  Lett.  192, 185  (1992). 

*P.  L.  Houston,  J.  Phys.  Chem.  91,  5388  (1991). 

^'^D.  M.  Szaflarski,  R.  van  den  Berg,  and  M.  A.  El-Sayed,  J.  Chem.  Phys.  93, 6700  (1989). 

Durand,  J.  P.  Daudey,  and  J.  P.  Malrieu,  J.  Physique  47, 1335  (1986). 

L.  Alexander,  N.  E.  Levinger,  M.  A.  Johnson,  D.  R.  Ray,  and  W.  C.  Lineberger,  J.  Chem. 
Phys.  86, 6200  (1988);  J.  M.  Papanikolas,  J.  R.  Gord,  N.  E.  Levinger,  D.  R.  Ray,  V.  Vorsa,  and 
W.  C.  Lineberger,  J.  Chem.  Phys.  95, 8028  (1991). 


41 


H(AI 

Fig.  2.  Theoretical  ab  initio  potential  curves  of  Mg^  taken  from  Bef.  7. 
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3.  (a)  Experimental  Mg+  TOF  spectrum  (left),  and  the  simnlation  (right)  for  E  paralld  to  k. 
(b)  Experimental  Mg°  TOF  spectrum  (l^),  and  the  amnlation  (nght)  for  E  perpendicolar 
to  k.  In  eadi  case  the  probe  laser  A  s  618nm. 
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Fig.  4.  Photodifsodation  action  spectrum  of  MgjCO^  in  tlie  ted  band  leading  to  (a)  Idg'*’  and 
(b)  MgJ. 
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Fig.  5.  Photodissodation  action  spectrum  of  MgaCOt  in  the  green  band  leading  to  (a)  Mg*  and 
(b)  . 


44 


Spectroscopy  and  Bonding  in  the  Excited  States  of  B2 


CR.  Brazier,  P.G.  Cankk  and  NLE.  Cordonnier 

I^opulsion  I^ectonte 
Phillips  Labocatoiy /RKFE 
Edwards  AFB,  CA  93524-7680 

Bonm  diemistiy  continues  to  be  of  interest  in  the  search  for  high  perfonnance 
propdlants  [1].  The  lai;ge  heat  of  combustion  and  tiie  low  atomic  mass  ccmtiibute  to  die 
interest  in  boron  and  boron-containing  ctmqxninds  as  hi^  energy  dntsity  fuels  [2].  The 
potmtial  use  of  atomic  boron  isolated  in  cryogenic  stdid  hydrogen  as  a  rocket  propellant 
[3]  necessitates  the  continued  study  of  small  boron  and  boron/hydrogen  mcdecules.  In 
particular,  B2  is  expected  to  be  a  major  byproduct  of  bmon  attnn  deposition  into  solid 
hydrogen.  In  addition  diatomic  species  may  be  less  susceptible  to  reaction  at  the  high 
doping  densities  required  for  a  real  fuel  Calculatkms  for  diatomic  boron  show  a  100  sec 
improvement  in  Iqt  for  5  nxde  %  of  B2  in  solid  H2  conqtared  to  LOX/H2  at  optimum 
oxidizer  concentration  [3]. 

Experimental  studies  of  the  boron  diatomic  molecule  extend  back  to  1940  with  die 
observation  by  Douglas  and  Herzberg  [4]  of  an  electronic  transition  in  dte  ultravitdet 
labeled  This  was  the  only  band  system  known  until  the  beginning  of  die 

present  study.  In  our  initial  survey  of  the  visible  and  ultraviolet  spectral  emission  £mn  a 
Corona  Excited  Supersonic  Expansion  of  diborane  seeded  in  helium,  we  clearly  identified 
three  new  electrcmic  band  systems  in  addititxi  to  the  Douglas-Herzberg  band.  One  system 
had  previously  been  observed  by  Bredohl  et  aL  [5]  and  assigned  to  transitions  originating 
from  of  diis  state  and  terminating  at  high  vibrational  levels  of  the  ground  state. 
This  assignment  was  clearly  incorrect  as  the  branches  did  not  show  the  intensity 
alternation  expected  for  a  £-£  transition  of  a  homonuclear  diatomic  molecule.  Observation 
spin  structure  and  a  weak  Q  branch  indicated  that  this  was  a  ^Il-^n  transition,  and  by 
comparison  with  theoretical  calculations  [6]  it  was  assigned  as  (2)3ng-A3nB.  This  result 
and  an  analysis  of  the  two  other  new  bands  (2)3na-(l)3ng  and  (D^An-b^Ag  were  putdisbed 
recently  [7]. 

The  (2)^ng-A3na  system  showed  clear  evidence  of  perturbations  whidi  were  hard 
to  identify  at  the  1  cm'^  resdution  of  the  1.3  m  monochromator/OMA  system  used  to 
record  the  original  spectra.  High  resolution  spectra  of  this  system  were  obtained  using  the 
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Im  FTS  at  Kitt  Peak  Nadooal  Observaiofy.  Additional  plectra  have  been  recoided 
recently  using  the  monochromator  system,  leading  to  die  idmtification  of  diree  more  new 
band  systems  assigned  as  (l)3r]g-A3na,  and  (l)^AcA^na.  Two  other  !!-£ 

systems  have  been  idonified  but  definitive  assignments  are  not  yet  available.  The 
diacussioo  here  will  be  Hnuted  to  analysis  cf  die  hi^  resdutioo  data  for  the  (2)^I1fA^rU 
system  and  the  three  new  bands  assigned  reoendy. 

The  (IPIVA^  System 

The  analysis  this  system  is  described  in  detail  in  a  forthcoming  paper  [8]  and  wOl 
only  be  described  briefly  here.  The  (2)3ng-A^rU  system  consists  a  clear  progression  of 
blue  degraded  bands  widi  the  0-0  band  readOy  identifiable.  Additional  bands  coming  fiom 

v‘sO  were  found  up  to  0-4  with  the 
strongest  band  in  the  pn^iession 
being  0-1.  The  0-0  and  0-1  bands  are 
shown  in  Hg.  1.  An  additionai 
progression  assigned  to  bands 
originating  in  v’«l  was  observed 
weakly  widi  the  1-0  and  1-3 
components  being  the  strongest 
From  this  preliminary  analyris, 
approximate  vibrational  frequencies 
(v"*800  cm*’,  v'»1200  cmr’)  were 
obtained. 

There  are  two  naturally  occurring  isotqies  of  bon»  (”B  and  ”*8)  present  in  the 
ratio  of  4:1.  This  results  in  three  B2  isotopomers  ”87,  ’’’B^’B  aixl  ’’’Bi  in  die  ratio  of 
16:8:1.  Unless  the  restdution  and  sigiud-to-noise  are  high  the  least  abundant  fDim  is  not 
observable,  resulting  m  a  ratio  of  2:1  for  dre  two  main  forms.  The  bands  in  Hg.  1  each 
show  an  extra  feature  to  lower  oiergy  v4iidi  can  reasonably  be  assigned  to  the  ’<’B”B 
isotopic  frnm.  Frimi  the  tqiixoximate  vibrational  frequencies  the  ’°B”B  band  rixxild  be 
shifred  3  cm*’  to  higher  eneigy  for  the  0-0  transition.  However  it  is  acnially  16  cm*’  to 
lower  oiergy,  in  addidtm  die  intenrity  is  considerably  less  than  half  diat  of  the  main  bend. 
The  most  likely  eiqilanadon  for  these  effects  is  a  perturbation  in  the  uppa  state,  as  similar 
modificadons  ate  seen  in  all  the  bands  coming  from  v'^O.  The  hi^  resdution  FTS  data 
shown  in  Hg.  2  makes  the  form  of  the  perturbatimi  clear.  The  presence  of  two  ’<’B”B 
bends  separated  by  40  cm*’  in  each  transition  can  clearly  be  seen.  The  v'aO  level,  for  the 
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isotqiKHner,  of  the 
(2png  state  has  beoi  strongly 
perairbed  by  a  vibrational 
level  of  ancKher  ^flg  state. 
The  intensities  of  the  two 
bands  are  about  equal 
inq)^g  that  the  mixing  of 
the  two  wavefiinctions  is 
almost  50-50  and  therefore 
that  the  true  positions  of  die 
two  levels  must  be  very  close. 
Analysis  of  the  high 

resolution  data  began  with  the  strong  0-0  and  0-1  bands  for  the  '^Bj  isotoptmier.  The  wdl 
resolved  high-J  R  branch  lines  could  be  assigned  fiuriy  easily  but  near  the  origin  the 
structure  became  much  more  complicated  as  many  satellite  branches  became  strong.  To 
gain  an  idea  of  which  lines  we  were  seeing  near  the  origin,  a  spectral  simulation  program 
was  develc^ied.  and  a  series  of  synthetic  spectra  generated  using  various  values  for  the 
spin-orbit  constants  for  the  upper  and  lower  states.  A  reasonable  match  to  the  observed 
spectrum  was  obtained  using  A"=3.7  cm**  and  A'=1.2cm‘^  Using  these  initial  trial 

constants  most  of  the 
strong  lines  could  be 
assigned.  These  lines 
were  then  fitted  to  a  ^II- 
3n  Hamiltonian  and 
improved  constants 
obtained.  Eventually  all 
of  the  lines  could  be 
assigned  and  the 
simulated  spectrum 
showed  a  good  match 
with  the  observed  one. 
The  analysis  was  then 
extended  to  the  1-0  and 
1-3  bands  and  all  of  the 
data  were  fitted 
together.  The  data  were 


Table  I  Equilibrium  Molecular  Constants  for  ^^B2  (in  cm'^) 

_ _ 

<Bt  =  817.9966(58)»  <Me  =  7.4580(18) 

Be  =1.00681(17)  ae  =  0.013167(23)  De  =  5.73(35)  x  10^ 
Ae  =  3.6034(53)  Xe  = -0.1160(40) 

_ Oe  =  0.2141(53)  Pe  =  0.0063(10) _ 

_ (2pri _ 

Te=  18805.5630(69)  eob*  1233.5336(81)  (afeXe  =  3.3«» 

Be  =  1.16644(17)  Oe  =  0.00357(1 1) 

De  =  6.54(34)  X  10<  pe  =  -3.08(36)  x  10^ 

Ae  =  1.647(18)  Oa  =  -0.213(28) 

Ye  =  0.0057(11)  ay= -0.0046(15) 

_ Oe  =  0.161(12)  ao  = -0.133(17) _ 

■  Values  in  parentheses  represent  one  standard  deviation  error 

estimates  from  the  final  fit 

**  Fixed  at  calculated  value  from  Pekeris  relation. 
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also  fitted  to  Dunham  expansions  of  the  molecular  parameters  which  are  shown  in  Table  1. 
This  was  vexy  effective  in  the  A^Ila  state  which  showed  little  vibratimial  variation  but  the 
(2)3ng  state  required  two  tenns  for  every  parameter.  This  is  due  to  the  same  perturbatitm 
that  stnmgly  effects  v^O  for  the  isotopomer.  The  perturbing  levels  are  fiirtiier 

away  for  the  *’62  isotqKxner  resulting  in  small  changes  in  die  effective  mcdecular 
constants  rather  than  a  massive  perturbation. 

htitial  assignments  of  the  bands,  which  are  all  split  into  two  conqxxients 

due  to  a  strcmg  perturbaticm  in  the  upper  state,  were  made  by  using  isotc^  relations  to 
calculate  the  ixxilecular  constants  and  generate  synthetic  spectra.  The  upper  state 
rotational  ctmstants  and  band  origins  were  adjusted  to  produce  a  reastmable  match  to  die 
observed  bands,  and  then  the  line  positions  wore  fitted  in  the  usual  way  with  the  lower 
state  constants  held  fixed.  Both  upper  state  components  could  be  fitted  using  a  standard 
Hamiltonian  but  the  centrifugal  distorticm  constants  obtained  were  unusual,  one  state 
requiring  a  large  positive  value  and  the  other  a  large  negative  value.  This  is  indicative  of 
the  strong  interaction  between  these  two  states.  To  obtain  deperturbed  ccxistants  for  the 
tOB^^B  bands  a  coupling  term  was  introduced  between  the  two  interacting  ^11  states.  The 
constants  for  v=0  of  the  (2)^ng  state  were  calculated  fimn  those  for  the  ^^Ba  isottqpomer 
and  held  fixed  while  the  constants  for  the  perturbing  state  were  allowed  to  vary.  To 
reproduce  the  observed  rotatitmal  structure  an  additional  parameter  describing  the  J 
dqiendence  of  the  interaction  between  the  two  ^Tl  states  was  needed  in  the  effective 
HamiltoniaiL  The  parameters  for  v=0  of  the  (2)^1^  state,  except  the  rotational  constant, 
were  held  fixed  and  the  observed  lines  could  be  rqiroduced  to  tiieir  estimated  precision. 
The  results  of  this  fit  are  given  in  Table  H. 


Table  n  Constants  from  fit  of  intertu^ting  levels  in  0-1  band  for  *0B^^B 


Constant 

A3n«v=i 

(2)3n,v=0 

(l)3n.v=7 

T 

0 

18195.77 

18199.4374(64) 

A 

3.6055 

13407 

1.111(20) 

X 

-0.1316 

0 

0 

B 

1.03596 

1.21551(59) 

1.16521 

D 

6.25xia« 

5.61xl(>« 

19.0(14)xl0^ 

Y 

0 

0.00366 

0 

0 

0.2014 

0.09318 

0.053(13) 

P 

0.00653 

0 

0 

Hi7  =  19.6598(33)  i 

Hi7d  =  0.013009(92) 

Aldioujli  the  A^Iln  potential  is  generally  well  behaved,  there  is  clear  evidence  of  a 
local  perturbation  in  v«l  above  N«8.  As  can  be  seen  in  Hg.  3  the  lines  exhibit  inegulaily 

varying  ^in  structure  as  the 
successive  componoits  of  the 
rotaticMud  levels  are  perturbed. 
The  shifts  are  always  less  than 
die  width  of  the  Mended 
Uneshape  and  no  exna  lines 
could  be  found  making  a  direct 
fit  of  the  perturbation  very 
difficulL  The  only  state  that 
lies  low  enough  to  be  the 
cause  of  the  perturbation  is 
a^Z'a.  Using  the  dieoreticaUy 
calculated  electrcMiic  term 
energies  and  vibrational  fiequencies  [6,9]  die  perturbing  level  can  clearly  be  assigned  as 
v=2  of  the  a^£n  state.  Assuming  this  asdgnment  and  extnqmlating  back  gives  an 
equilibrium  sqiaration  of  about  1900  cm'^  for  the  A^rU  and  a^£n  states.  This  is  in  very 
close  agreement  with  recent  theoretical  calculations  of  1820  cm**  [6],  2260  cm*i  [10],  and 
2340cm->[9]. 

The  (IpIVA^Ilo  System 

Towards  the  end  of  the  analysis  of  the  (2)^ng-A^na  system,  new  observadcms  of 

the  weaker  bands  to  the  red 
of  the  main  transitions  were 
made  in  the  hope  of 
obtaining  an  improved 
vibrational  analysis  of  the 
A^riu  state.  When  looking  at 
the  0-2  and  0-3  bands  of  the 
(2)3Ilg-A3nu  system  several 
extra  features  were  observed 
that  actually  became 
stronger  than  the  main 
features  in  spectra  recorded 


Comparison  of  (1)®!!*  and  (2)®ng 
Emission  Intensities 
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veiy  finr  out  in  the  ejqiansion.  Fig.  4  shows  the  observed  bands  near  the  0-2  region  of  the 
(2)^ng-A3na  systcnL  This  new  series  of  bands  continues  several  thousand  wavenumbers 
fiirdier  to  the  red.  The  sm»gest  features  in  this  system  were  found  to  oorrespond  to 
several  unassigned  bands  vdudi  had  been  seen  weakly  in  our  earlier  survey  work. 
Improvements  in  the  data  ooUecdon  efficiency  naeant  that  the  new  data  were  d  much 
higher  sgnal  to  ncrise  and  also  were  free  from  overlapping  atomic  and  impurity  bands.  The 
structure  in  diese  bands  was  mxdi  more  irregular  dum  in  die  odier  B2  bands,  thus 
prompting  eariier  qieculation  that  they  mi^  have  been  due  to  BHx.  Examination  of  the 
rotational  and  vibrational  qiacings  in  die  new  data  has  shown  that  die  band  system  is 
definitdy  due  to  B2  and  duu  die  lower  state  is  A^Ila.  As  die  bands  are  dearly  11-11  in 
character  die  upper  state  mist  be  (l)^Ilg  and  the  long  progression  of  bands  is  due  to 
cmisami  fiom  many  excited  vibrational  levels. 

The  (ll^rig  state  was  previously  observed  as  the  lower  state  in  the  (2)^Ila-(l)^ng 
tystem.  Onty  the  0-0  band  was  seen  in  this  system  but  the  rotatitmal  analysis  dearly 
indicated  that  near  equilibrium  the  (l)^Ilg  state  is  predominandy  ic^  in  character  (ogouiig). 
This  could  be  determined  fitm  the  observed  qiin-oibit  qilitdng  of  -4.43  cnor*  udiidi  is 
close  to  the  expected  value  of  As-^/2s-5.3S  arr*  for  a  configuration  based  <m  the 
boron  atomic  qiin-mlnt  splitting  of  ^=10.7  cnrK  The  A^FU  state  has  a  fidrly  large  poadve 
qiin-oitnt  flitting  of  3.6  cnri  and  a  dcnninant  configuradtHi  of  ^  minimum 

[9].  As  these  two  states  differ  by  two  mbitals,  the  electronic  transition  moment  between 
diem  is  eiqiected  to  be  small.  The  (l)^r4  and  (2)3I1b  states  undergo  a  strong  avoided 
crossing  so  that  in  the  region  of  the  crossing  the  dominant  configuration  is  expected  to 
change.  The  (2png  state  has  a  spin-mbit  iqilitting  of  1.65  cm'^  near  the  minimum  and  the 
dominant  crnifiguradon  is  [9].  Tito  small  size  of  the  spin-orbit  flitting  indicates 

significant  character  near  the  minimum 
of  (2)^IIg.  Similarty  the  (l)^!!^  kvd 
obsoved  in  the  perturbation  with  v=0  of 
(2)3ng  has  a  small  positive  ^nn-ocbit 
splitting  of  1.1  cm**  showing  diat  the 
(l)^ng  state  undergoes  a  large  change  in 
electronic  structure  between  die 
minimum  and  diis  level 

A  preliminaiy  analysis  of  some  of 
the  (ll^Ilg-A^na  bands  has  been  maefe. 
The  results  obtained  so  far  are 
summarized  in  Table  m.  A  vibrational 
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assignment  of  the  observed  levels  was  obtained  by  con^nring  the  data  far  the  and 
>**B*>B  isotopomeis.  The  q)acing  of  the  vibrational  levels  is  highly  inegular  due  to  the 
avoided  crossing  v^udi  results  in  a  rather  strange  fhapcd  potential  curve.  Based  on  this 
analysis  die  v*?  level  is  found  to  be  responsible  for  die  strong  perturbation  of  v^O  of  the 
(2pl^  state.  Hg.  4  shows  duu  the  7-2  band  oi  the  (l)^I1(>A^Ila  system  has  comparable 
strength  widi  0>2  of  the  (2)3ng-A3lIa  system.  As  a  result  die  intensities  of  die  two  bands 
resulting  firom  the  strong  interaction  betweoi  the  upper  state  levds  ate  oomlnned  as  a  sum 
and  difference,  giving  <me  strong  band  and  one  very  weak  one.  Once  a  foil  analysis  cf  the 
observed  levels  has  been  performed  it  should  be  possible  to  direcdy  fit  all  ctf  the 
interactions  between  the  (l)^ng  and  (2)3llg  states.  As  the  observed  (l)^ng  levels  extood 
almost  to  the  dissociation  limit  we  may  also  be  able  to  make  an  estitruue  of  dw 
dissociation  energy  to  conqiare  with  thetny. 

The  (!)>££ -c^  System 

Analysis  of  this  system  near  34000  cm'^  is  also  still  in  progress,  'ibe  analysis  has 
been  made  more  difiicult  by  the  presence  of  other  band  systems  in  the  same  region.  Hiis 

can  be  seen  in  Hg.  5  whidi 
shows  the  strong  0-0,  1-1 
and  2-2  bands  of  the 
(l)*£u-c‘Z«  system.  Part  of 
a  n-£  system  overlaps  the 
2-2  band  and  in  additkm 
part  of  some  other 
transition  runs  through  the 
region  between  the  1-1  and 
2-2  bands.  Depending  on 
the  conditions  of  the 
discharge  and  where  in  the 
expansion  the  spectra  are 
recorded  these  overlai^ing 
bands  can  become  stronger  than  the  (1)*£b-c'2«  system.  Preliminaiy  rotational  constants 
match  the  theoretical  predictions  but  the  vibrational  frequencies  have  not  been  determined 
so  far. 
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OtlwrSysIcim 


A  an^  band  near  42000  car*  has  been  assigned  as  the  0-0  component  of  the 
transitian  by  shnulatkm  of  die  qiectnim  and  comparison  with  theoiy  [6,9]. 
Sevcnl  bands  in  die  UV  have  been  lentadvely  assigned  u>  Il-Z  m  Z-II  transitions  but 
assignments  at  die  actual  stmes  invtdved  have  tmt  yet  been  made. 


Summary 


A  total  of  six  new  electnxiic  transidons  of  the  B2  molecule  have  been  observed  in 
emission  from  a  Onona  Excited  Supersmuc  Expansion  source.  By  cooqiarison  w^ 
theoiy  these  transitions  have  been  assigned  m  qiecific  states  widiin  the  extensive  maniftdd 
of  B2  electronic  states.  Although  many  of  die  predicted  states  are  still  unknown  we  have 
observed  all  three  states  originating  frcxn  the  lowest  configuration,  bi  addition  we 
have  observed  a  pertutbation  between  the  a’£a  state  and  the  A^Ila  state  which  provides  a 
link  to  die  low  lying  state.  It  is  hoped  that  analysis  of  die  recendy  observed  £-11 
bands  will  provide  a  direct  link  between  the  ground  state  and  the  A^nn  state.  A 
summary  of  the  bands  analyzed  so  far  and  dieir  dieoretically  predicted  positions  is  given  in 
Table  IV. 


Table  IV  Band  Origins  for  B2  (in  cm-’) 

Transitkm 

>00 

Theory** 

Theory* 

(2yn,-(lpng 

18035.3 

18474 

18011 

17770 

(2)3IVA3n« 

19014.3 

19700 

19145 

— 

(l)»A«-b»Ag 

29883.5 

30345 

31573 

0— 

(2)^-Xi; 

30518.3 

31035 

29959 

0— 

(i)U-ci; 

33899.4 

••• 

35544 

000 

(i)3A^A3n« 

-41946 

42272 

43075 

000 

*  Lan^K^  and  Bauschlidier,  Hachey,  Kama  and  Grein;  Bruna  and  Wright 
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Coupled  Electnmic-Nudear  D3raainic8  in  Solids 

A.  Danilychev,  R  Zadoyan,  W.  G.  Lawrence  and  V.  A.  Apkarian 
Dep«utinent  of  Chemistry 
Univernty  of  California 
Irvine/  CA  92717. 

Dynamics  in  many-body  media  always  involves  coupled  motions  of 
electronic  and  nuclear  degrees  of  freedom.  Bom-Oppenheimer  separation,  which 
allows  die  ccmstruction  of  potentials  by  averaging  over  electronic  degrees  of 
freedom,  in  many  cases  is  artificially  imposed.  This  approximation  is 
particularly  problematic  when  open  shell  atoms,  or  radicals  are  involved  in  die 
dynamics.  For  any  atom  with  electronic  state  odier  than  ^So,  deviation  of  the 
charge  density  from  ^herical  symmetry,  leads  to  anisotropic  potentials,  which 
caimot  be  treated  as  pairwise  additive.^  As  a  result,  die  nuclear  dynamics  cannot 
be  understood  without  making  explicit  reference  to  the  electronic  degrees  of 
freedom.  In  die  limit  of  adiabatic  following,  which  is  appropriate  for  thermal 
motions  in  cryogenic  media,  simple  and  yet  insi^tful  treatments  of  spectroscopy 
and  dynamics  in  these  systems  is  possible.  Detailed  analysis  of  the  problem  will 
be  given  in  the  cases  of  atomic  halogens,  and  chalcogens,  ^  Sc  ^D,  trapped  in 
closed  shell  rare  gas  hosts.  The  methods  will  be  delineated  and  used  for  the 
interpretation  of  experimental  data  on  spectroscopy  and  thermal  mobility. 
Examples  will  also  be  given  from  studies  of  electronic  predissociation  and 
photodissodation,  in  which  case  non-adiabatic  dynamics  needs  to  be  treated. 

It  is  worth  emphasizing  that  in  all  of  the  HEDM  applications  involving  die 
trapping  and  storage  of  radicals  or  atoms  in  condensed  media,  these  themes  will 
recur. 

In  what  follows  a  detailed  description  of  die  treatment  of  interactions  of 
halogen  and  oxygen  atoms  with  many  rare  gas  atoms  will  be  given.  The 
formulation  is  aimed  at  explaining  observed  atomic  emission  spectra  in 
particular  of  T  and  0(^S),  photomobility  of  atomic  F,  and  the  fascinating  diermal 
mobility  of  O  atoms  in  crystal  Kr  and  Xe,  where  it  is  foimd  that  the  thermal 
mobility  of  atomic  O  is  characterized  by  migration  lengths  of  order  '-1pm.  The 
eiqierimental  evidence  for  this  finding  is  discussed  first. 

O  atoms  are  photogenerated  in  crystalline  Kr  and  Xe  by  photodissodation 
of  either  O2  or  N20'  The  subsequent  thermal  induced  recombination  of  O  atoms 
is  simultaneously  followed  by  thermoluminescence  from  recombinant  O2,  and 
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UF  frmn  atomic  O.  The  two  yield  identical  results,  they  identify  that  the  loss  of 
O  atoms  is  due  to  formation  of  O2  and  that  this  non  geminate  recombination 
even  in  samples  as  dilute  as  1:100,000,  follows  first  order  kinetics.  The  latter 
implies  that  retrapping  of  a  thermally  activated  O  atom  is  less  probable  than  the 
probability  for  it  to  find  a  second  O  atom.  Given  estimates  of  the  irutial  O  atom 
concentration,  it  can  be  conclude  that  the  O  atom  motion  is  not  diffusive,  and 
that  it  involves  travel  lengths  of  order  l)im  prior  to  scattering. 

As  toe  simptest  prototype  of  open  shell-closed  shell  interactions,  consider 
a  halogen  atom,  such  I,  trapped  in  a  rare  gas  solid.  For  the  processes  of  present 
interest,  toe  interaction  Hamiltonian  for  toe  system  can  be  linuted  to: 

Hjfit  =  Vx-Kg|(r,Rl,R2,...,KiO  Hso 

in  which  r  and  R  represent  respectively  toe  coordiiutes  of  toe  hole  and  the  rare 
gas  atoms,  with  origin  on  toe  halo^n  nucleus;  Hso  is  the  elective  spin-orbit 
Hamiltonian.  Given  toe  large  spin-orbit  splitting  in  iodine,  we  expect  Hso  to  be 
dominated  by  the  hole-core  coupling  and  only  slightly  modified  by  toe  lattice. 
Thus,  the  explicit  dependence  of  Hso  on  (Ri)  is  initially  ignored  It  is  also 
assumed  toat  toe  interactions  between  X  and  Rg  do  not  effect  Rg-Rg  interactions. 
After  expressing  the  angular  dependence  of  Vx-Rg  in  Legendre  polynomials,  Pl: 

t*t  {>0 

toe  electronic  eigenenergies  can  be  obtained  by  diagonalizing  toe  Hamiltonian  in 
an  appropriate  basis.  The  limited  basis  set  I  np>x  I  ns>Rg,  composed  of  the  six  ^ 
functions  on  toe  halogen  atom,  and  the  single  ^So  function  on  toe  rare  gas  atoms 
are  adequate.  In  toe  decoupled  basis,  i.e.  1 1  mi,  s  ms>,  toe  individual  matrix 
elements  can  be  expressed  as  products  of  spherical  harmonics: 

*  M—L 

Since  toe  basis  is  limited  to  1=1,  the  sununation  over  L  is  limited  to  only  two 
terms,  L=0,  2.  The  radial  functions,  Vo(R)  and  V2(R)  are  extracted  from  pair 
potentials.  They  are  related  to  the  diatomic  £  and  11  interatomic  potentials: 

''o=|(''i+2V„);  V.=|(Vi-V„) 

in  the  absence  of  spin-orbit  coupling.  Hint  can  be  readily  evaluated.  Balling  and 
Wright  have  given  toe  explicit  expressions  for  the  1 1  mi>  basis.^  Hso  can  be 
directly  included  by  moving  to  the  I  Jmp  basis,  in  which  it  is  diagonal: 


55 


y  =  l/2 
•'  =  3'2 

A  s  7606  an'^  in  the  case  of  iodine.  The  coupled  basis  set,  I  ]mj>,  is  constructed 
horn  die  I  ]mL8ms>  functicKis  by  standard  meduxls: 

and  the  eiqilicit  matrix  elements  of  Hint  in  diis  basis  are  obtained.  This  treatment 
is  tantamount  to  assuming  that  the  interaction  potential  is  dominated  by 
electrostatics  —  ignores  core  polarization,  charge  transfer,  exchange  or 
configuration  interactions  which  may  polarize  the  valence  oibitals.  These  may 
seem  drastic  approximations,  but  in  practice  they  are  not 

Consider  the  potential  energy  surfaces  for  an  I  atom  surrounded  by  an 
octahedral  arrangement  of  Xe  atoms,  which  is  the  situation  for  the  relevant 
substitutimial  isolation  sites.  In  the  two-valued  representation  appropriate  for  an 
odd  number  of  electrons,  the  spin-orbit  coupled  states  belong  to  the  two-fold 
degenerate  E1/2  and  four-fold  degenerate  G3/2  species.^  Vibrations  of  or  T2g 
modes  will  produce  the  Jahn-Teller  splitting  of  the  G3/2  state,  splitting  it  into 
Ei/2  and  E3/2  spin-doublets.  This  effect  is  shown  in  figure  1,  along  the  V2(Eg) 
vibrational  coordinate.  In  higher  dimoisions,  the  splitting  results  in  conical 
intersections.  At  the  center  of  the  cell,  where  perfect  cubic  symmetry  is 
experienced,  the  doubly  degenerate  E1/2  excited  state  is  separated  from  the  four¬ 
fold  degenerate  G3/2  groimd  state  by  the  spin-orbit  splitting,  A.  For  any 
asymmetric  motion,  the  degeneracy  breaks  and  three  states,  each  a  degenerate 
Kramers  pair,  is  obtained. 

A  statistical  treatment  is  advanced  for  the  sinaulation  of  T-^I  spectra.  The 
formulation  is  based  on  the  consideration  that  although  at  cryogenic 
temperatures,  the  system  is  in  the  high  temperature  limit  with  respect  to  all 
lattice  modes,  ie.  the  dietmal  energy  =  kaT  is  large  compared  to  the  energy  of 
motion  on  a  given  surface  within  the  de  Broglie  wavelength  ^/(jikBT)l/2of  ti»e 
heavy  atoms,  specifically,  for  all  Ri  (but  not  r): 
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holds  even  at  the  lowest  temperatures  in  these  measurements  (15K). 
Accordingly,  the  nuclear  motions  can  be  treated  classically.  The  electronic 
coordinate  on  the  halogen  atom,  r,  which  parametrically  depends  on  (Ri)  can  be 
expected  to  follow  the  nuclear  motions,  therefore  the  T  atom  will  remain  on  the 
adiabatic  eigenenergy  surhice  Em-  The  relaxation  from  dus  surface  to  the  lower 
surhioes,  Ei  or  En,  is  by  radiation.  The  spectral  distribution  of  emission,  say  from 
Em  to  Ei,  can  be  given  by  the  multi-dimenaonal  reflection  expression: 

■ 

In  which  Z  is  the  classical  partition  function  on  the  Em  surface;  |x  is  the  transition 
dipole  moment  which  in  principle  depends  on  all  coordinates;  the  integration 
and  the  gradient  in  the  denominator,  are  over  all  classical  coordinates.  The 
expression  has  a  simple  insight,  namely:  the  emission  spectrum  represents 
transitions  between  eigenstates,  weighted  by  the  probability  of  a  configuration 
on  the  upper  state,  and  the  density  of  states  on  the  lower  surface  for  a  particular 
configuration.  Monte  Carlo  sampling  is  used  for  the  actual  simulations.  The 
weighted  configurations  in  phase  space  are  generated  by  the  standard 
Metropolis  Algorithm,  except  at  every  step  the  6X6  matrix  is  diagonalized,  and 
the  highest  eigenenergy  is  used  to  judge  the  acceptance  of  a  configuration.  The 
densities  of  states  are  obtained  from  the  gradient  matrix,  using  the  appropriate 
eigenvectors: 


= 


(  a  VY” 


in  which  1 1>  is  the  eigenvector  of  state  I,  at  a  particular  classical  configuration 
(Ri).  The  force  matrix  is  readily  obtained. 

Initial  comparisons  of  the  results  of  such  simulations  are  in  agreement 
with  experiment.  In  the  case  of  T  the  A  is  modified  by  230  cm’i.  The  observed 
doublet  of  bands  in  Xe  are  reproduced  with  respect  to  their  widths,  relative 
intensities  and  temperature  dependences. 

The  treatment  is  extended  in  the  case  of  two  electron  O  atoms.  Separate 
bases  are  used  foi  *iiteractions  with  3p(L=i),  and  1D(L=2)  atoms.  EvaluatOT*  of 
these  eigensurfaces  immediately  show  rather  interesting  features.  We  consider 
the  surfaces  relevant  for  the  migration  of  interstitial  defects.  The  3p  surface  is 
characterized  by  repulsion,  trapping  occurs  in  the  largest  cavities  -  the  Oh  sites. 
These  sites  are  connected  through  adjoining  Ta  sites.  The  potentials  are  subject 
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to  large  barriers,  and  involve  lar^  angle  deflection.  The  connecting  surface  is 
given  in  Figure  2.  Such  a  surface  can  only  support  diffusion,  with  extensive 
lattice  realaxation  ~  passage  over  free  energy  barriers.  The  surface  is 
charcteriaed  by  attractive  interactions.  The  minima  occur  in  the  tightest  sites  - 
between  two  rare  gas  atoms,  forming  I^-ORg  linear  triatomics.  In  die  case  of 
Xe,  if  additional  charge  transfer  contribution  is  incorporated  these  sites  will 
become  global  minima,  lower  than  the  3p  surface.  The  minimum  energy  surface 
connecting  these  sites  occurs  on  the  body  faces.  The  connecting  barriers  are 
smaller  than  those  on  the  ^  surhice,  and  can  be  navigated  widi  litde  energy  loss. 
Noting  diat  crossing  between  ^  and  surfaces  should  be  avoided  throu^  the 
M}  -  0  components,  we  present  a  difference  surface,  the  minimum  energy 
surfece,  interconnecting  two  trap  sites,  in  Figure  3.  Except  for  the  octahedral 
minima,  this  surface  is  entirely  dominated  by  the  contribution. 

Based  on  the  features  of  these  potentials  we  propose  a  mechanism  for  the 
observed  long-range  migration:  thermal  activation  from  to  ^D,  and  subsequent 
migration  until  either  recombination  or  recrossing  occurs.  To  attempt 
quantitative  comparisons,  the  activation  process  and  the  dynamics  of  migration 
have  to  be  treated  by  including  lattice  motions.  However,  all  of  the  qualitative 
requirements  to  support  the  hypothesis  are  present  in  the  static  surfaces. 

Orbital  control  dynamics  should  clearly  be  anticipated  in  reactive 
processes  as  well.  To  follow  these  in  detail,  e7q>erimental  probes  on  relevant  time 
scales  are  crucial.  We  have  recendy  developed  the  tools  to  follow  events  with 
time  resolution  of  ~100  fs.  Relevant  to  the  present  theme  is  the  observation  of 
caging  of  I2  on  the  ^AfP+I)  surface.  The  geminate  fragments  remain  on  this 
surface  for  15  ps  in  Ar,  and  25  ps  in  Kr.  The  process  is  ascribed  to  orbital  locking 
—  trapping  in  the  A  configuration,  and  detrapping  after  ~50  vibrational  periods 
by  a  A-»n  flip. 
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Minimum  energy  path  (r/a) 
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VIBRATIONAL  DYNAMICS  OF  QUANTUM  CLUSTERS  AND  SOLIDS 
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ABSTRACT: 

This  paper  presoits  results  of  theoretical  studies  on  the  following  topices:  (1) 
The  vib-rotational  ground  state  wave  functions  of  the  clusters  LiH2(para);  BH2 
(para);  BH2(ortho).  (2)  The  time-dependent  vibrational  dynamics  of  quantum 
anharmonic  solids  and  clusters,  including  collinear  Ne  clusters,  one-dimensional 
models  of  solid  H2  and  one  dimensional  solid  H2  doped  with  U. 

1.  Vibrational  grotmd  states  of  LiH2  and  of  BH? 

Diffusion  Quantum  Monte  Carlo  simulations  were  carried  out  to  obtain  the 
vibrotational  ground  states  of  LiH2(para);  BH2(ortho);  BH2(para).  For  LiH2  we  used 
the  potential  surface  calculated  by  D.  Konowalow.(l)  The  BH2  potential  surface  was 
provided  by  M.  Alexander.  (2)  Fig.  1  shows  the  Li/U2  distance  distribution  in  the 
LiH2  cluster,  and  also  the  probability  distribution  for  the  orientation  of  the  H2 

molecule  within  the  cluster  (0  being  the  angle  between  the  H2  axis  and  le  atom- 
molecule  distance  vector).  Fig.  2  shows  the  corresponding  results  for  Bh2(para)  and 
BH2(ortho).  Both  clusters  are  seen  to  be  extremdy  floppy  and  delocaliz^,  with  a 
very  broad  atom-molecule  distance  distribution.  The  H2  is  essentially  a  free  rotar  in 
LiH2,  with  almost  spherically  distributed  H2.  The  angular  distribution  for  BH2 
shows  considerably  increased  anisotropy  especially  for  the  ortho-case.  These 
structures  have  important  implications  for  the  UV  absorption  lineshapes  of  these 
clusters,  and  indeed  also  for  the  UV  absorption  lineshapes  of  solid  H2  doped  with  Li 
or  with  B  atoms.  Consideration  of  these  ground-state  wave  functions,  with  the 
excited  state  potentials  for  these  systems,  suggests  an  important  role  for  the  H2 
rotational  mode  in  the  photo  excitation  process. 

2.  Lattice  vibrations  of  highly  anharmonic  quantum  solids 

Time-dependent  quantum  simulations  were  carried  out  for  the  vibrational 
dynamics  of  collinear  Ne  clusters;(3)  of  a  one-dimensional  of  solid  H2,  and  of  one 
dimensional  solid  H2  doped  with  Li.  The  method  used  was  based  on  the  Time- 
Dependent  Self  Consistent  Field  (TDSCF)  approximation. 

The  simulations  carried  out  included  up  to  20  particles  (with  periodic 
boimdary  conditions  in  the  case  of  the  solids).  Frequencies,  phonon  lifetimes,  and 
time-correlation  functions  of  the  phonon  wavefunctions  were  computed,  and  their 
proeprties  analyzed.  The  results  demonstrate  the  usefulness  and  power  the  new 
method  for  Quantum  Molecular  Dynamics  simulations,  developed  in  the 
framework  of  this  project.  Classical  MD  simulations  were  found  to  fail  qualitatively 
for  the  systems  studied. 

T^  work  was  supported  by  the  Air  Force  Philips  Laboratory  (AFSC),  under 
contract  F29601-92-0016. 
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INCIPIENT  CONDENSED  PHASE  EFFECTS  IN  THE  Oj/H^  SYSTEM: 
CHEMICAL  DYNAMICS  IN  THE  GAS  PHASE  AND  IN  SMALL  CUTTERS 


David  S.  Khig,  John  C  Slqdienaon  and  KGcliael  P.  Catawa 
Molecular  ng«ia  Divisioa 
National  Inatitate  of  Staiidards  and  Technology 
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ABSTRACT 

The  dynamics  of  die  26<Mim-photoiniriated  reactioo  were  studied  using 

to  n*86nts.  This  complex  presents  a  known 

eqimibrira  geometry  and  photolytk  anisotropy  that  would  predict  a  preference  for  initial  trajectories  of  the 
"abstraction*  ardiet]^  Laser  indnoed  fluorescence  probes  show  that  *new"-^H  and  "obT-^H  products 
are  formed  mainfy  in  v«0,  with  a  slight  preferenoe  for  the  nCA*)  Ashndilets,  and  avmage  rotational  energies 
ai  900  and  760cm*\  reqiectively.  No  significant  vector  oorreluions  were  observed.  Sub-Dop{der  resdution 
eaqmiments  showed  average  kinetic  ener^  for  new-*^H  fragments  about  20%  hi^ier  for  old-^H 
fragments  in  the  same  rotational  levels;  mcreashig  from  values  of  ca.  500  cm*^  at  low  rotational  levels,  to  ca. 
1500  cm'^  at  the  hig^iest  rotational  levds  popultted.  These  results  are  very  different  from  those  observed  for 
the  gas  fbax  bimolecnlar  0(^D)4-H20-20H  reaction,  photoinitiatcd  in  mixtnres  of  O3  and  H2O,  and  imj^ 
that  the  incipient  condensed  phiM  environment  of  the  dimer  results  in  a  MgnWraiit  change  in  reactimi  path. 

L  INTEODUCnON 

The  0(^D)+H20-*20H  reaction  has  die  inti%niag  property  of  producing  two  chemically  identical 
OH  fragments  with  disdnctly  difiierent  lustories,  and  the  nature  of  trajectories  which  produce  {voducts  has 
been  a  topic  of  some  interest  For  example,  thme  has  been  considenUe  qieculation  on  whether  the  reaction 
conforms  to  the  abstraction  or  insertion  mechanisric  ardietypes.^*^  In  order  to  dbaracterize  the  potential 
energy  surfaces  for  this  reaction,  we  have  investigated  the  (fynamks  of  the  photoinitiated  reaction  of 
and  H2*H),  oocurting  as  a  bimolecnlar  reaction  in  03'«-H20  mntures,  and  triggmed  in  O3H2O  dusters.  In 
these  aqieriments,  laser  pol^  (266nm)  photolyzB  Oj  to  produce  0(^D)-t-02^A.)  with  90%  quantum 
yield.”  In  the  ensuing  reaction, 

*‘0(*D)  +  H2“0  -  +  “oh  +  118  kJ/md 

the  isotopic  labelling  enables  us  to  distinguish  between  the  newly  formed  *^H  and  the  residual  “OH 
fragment  The  kinetic  energy  of  the  0(^D)  atom  irovides  an  additional  22kJ/mol  to  the  products  d  this 
eadhermic  reaction.  Using  laser  induct  fluorescence  (LIF),  we  measured  rotational,  vibratiraal  and  fine- 
structure  state  distributions  of  the  OH  fragments.  Fragment  translational  energies  were  measured  wsing  sub- 
Doppfer  LIF.  The  operiments  have  sufficient  resolution  to  yield  directly  the  cmrelations  between  energy 
states  of  the  pairs  of  geminate  OH  products  produced  in  the  reaction.  Generally,  this  type  d  idormation 
has  only  be  inferred  from  statistical  analyses  d  product  state  distributitms. 

Below  we  review  our  recent  results  for  the  photdyticaDy  triggered  reaction  in  gaseous  O3+H2O 
mixtures,^’^  vdiere  the  reaction  proceeds  via  Inmdecular  mlliginng,  and  we  present  results  for  analogous 
measurements  performed  on  P3H2O  dusters.  The  gas  phase  results  jnove  that  the  reaction  is  direct,  and 
th^  suggest  that  there  are  no  particular  constraints  m  reactive  geometries.  Th^  further  show  strong 
correlations  between  the  velocities,  scattering  angles,  and  internal  energy  tfargie  ctf  the  frngmmits.  The  duster 
reaction  is  initiated  with  reagents  in  dose  prarimity  whh  restricted  orientations,  and  the  dynamics  of  the 
duster  reaction  are  dramatically  different  than  those  of  the  bimolecular  reaction.  It  is  apparent  that  the 


tUrd  body  (P2)  produced  by  tbe  reectioo  plays  aa  acth«  rok,  and  carries  away  most  of  the  avaiUde  enogy. 

2.  DYNAMICS  OF  THE  BIM  OLECULAR  REACTION 


The  0(*D)-»-H20  bhnolecwlar  reaction  was  studied  under  sintfe-colBsioo  conditions  in  a  low 
pressure  flowing  mature  of  and  1)2^  at  room  temperature,  as  previously  described.^  The  0(^D) 
atoms  were  produced  by  2lS6nm  photofysu  of  O^  usiag  pulses  from  a  quadrupled,  10  as  NdzYAG  Imer.  The 
kfamtic  energy  dktribatiao  of  the  resultmg  0(*D)  atoms  and  their  reoofl  anisotropy  are  weD  known,  and  these 
fmtors  are  incorporated  iiUo  the  analysis  of  our  eqreriments.  Product  vOnatioeal,  rotational  and  fine* 
strncture  state  populrtfioos  were  measured  by  LIF,  nsmg  a  YAG-pumped  frequenqHloidded  rfye  laser,  on  the 
A*X  OH  (0,0)  and  (14)  bands.  The  bandwiddi  of  the  probe  li^  was  ^iprasimatefy  0.4  cm'^  FWHM. 
Doppler  prof^  of  the  nascrait  OH  products  were  also  obtained  usiqg  LIP,  with  the  ca.  310  am  probe 
generated  by  douUing  a  pulse-amplified,  sin^freqnea^,  oootinuoos-wave  dye  laser.  Tlie  probe  bandwidth 
for  Di^qder  measurements  was  about  00047  cm*^  (FWHM).  Esperiments  were  performed  with  various 
pump-probe-detection  geometries  and  polarizatioiis,  in  ortfer  to  measure  vector  correlations  among  fragmmt 
motions  and  the  photolysis  electric  vector.  Pump  and  probe  fluences  were  about  lOmJ/cm^  and  10- 
lOQnJ/cm^  respectively.  The  LIF  signal  intentities  were  linear  m  pump  and  probe  energy,  and  Dopfder 
profiles  were  independent  of  pump  and  probe  energy.  Total  inessures  were  maintamed  near  11  Pa  (80 
mtorr),  and  tiie  pomp-inobe  delay  time  was  10  nsec. 

Rgure  1  shows  product  rotation  and  vibration  distributions  produced  following  266nm  fdioto^fsis. 
These  are  similar  to  distributions  reported  using  248nm  jdiotdysis  of  The  *new*-^^H  product  is 
formed  with  far  more  rotational  and  vibrational  energy  than  the  "ohr-^H  product  The  ^H  is 
formed  with  vibrational  pcqNilatioas  in  the  ratio  0J9(v*0).‘0J29(v-l).-03(va2).  Gaussian  rotational  energy 
distributions  peaked  near  N>12  give  average  rotational  energies  of  <E|iot>  *3440cm'*  and  2780cm*^  for 
^^H  v«0  and  v«l,  respectively.  The  "dd*  *^H  is  much  odder  with  vilwational  populations 
0.94(v*0)K)D6(v>l)  and  a  ^H  v«0  Gaussian  rotatkmal  energy  distribution  dharacttaized  by 


Figure  L  Upper  panel-  Internal  energy  distributions  from  Ref.  4.  Discontinuities  reflect 
different  vilnational  levels,  ee-  ^^H(v>0,L2).  Lower  panel  -  LAB  kinetic  energies  for  the 
**OH  (n,  v«0;  o,  v«l)  a^  “OH  (■,  v»0)  fragments  of  the  *^0(*D)+  H2**0  reaction, 
plotted  against  the  pro^ct  internal  (vibrational  plus  rotational)  energy,  from  Ref.  5. 
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<E||0i>>  "1920gb‘*.  The  aeenfe  vibratkMial  tiaexgM  are  <Evib>  *  3120  and  210  cm*^  for  and 
re^ectivety.  There  ia  rotadonal  aKgnmenr  of  the  fragmenta,  and  the  qiia<orbit 

propenaitiea  are  nea^  atariatkal  The  il-doidilet  popolatioaa  eafaibit  a  J-dcpendent  ]I(A')n/(A*)  ratio  for 
both  iaotopea,  nqgng  froes  onity  at  low  J  to  apprcadmately  2  at  hi^  J.  The  vbratioiud  populatkxi  results 
an  alMtraclioa  or  itiip|Miig  process,  posdbly  prorr^fag  throoi^  an  0~H0H  tranrition  state  such  as 
descf8>ed  hi  «h  Mdo  cakalationa?  The  di^erate  proAict  state  distribations  for  the  two  isotopes  could  also 
result  from  an  HCX)il  hHeftfoa  intennediate  (snch  as  has  been  shown  in  0(*D)  reactions  with  alkanes*. 

and  tiiat  dissoriatfs  rapidly  compared  to  dm  httramoleoultf  vforttianal  energy  redhtrSMtion 
rate.  On  the  ether  hand,  the  trend  in  A-dotfolet  ^strfootions  conforms  to  eipectations  for  a  process  that  is 
in  «  geometrical  sense,^^  wfoh  no  prefotred  reaction  geometry.  Thns  the  internal  state  ^tfrhwtions 
cannot  be  used  to  ascribe  an  ardietype  BMchankua,  abstraction  or  iasettioa,  to  this  reaction.  We  suspect 
that  both  types  of  tnqectorim  lead  to  prodncts. 

M ndi  more  detailed  mfonnatfon  can  be  obtaiaed  by  eaminiiig  the  Doppler  pro6les  of  mdividoal 
Hoes  m  die  OH  UP  spectra.*  The  velocities  measured  by  ^  Doppler  technique  are  laboratory-frame 
(LAB)  velocities,  rriudi  oontribittions  from  the  initial,  oeater-of*mam  velociQr  of  the  O4H2O 
reagents  in  the  1^  and  the  recoil  hnpolse  from  the  reaction  in  the  center-of-matt  frame  (CM).  AH  the 
observed  Dtgipler  profiles  are  weH  fit  by  Gaussian  qieed  distrfontions.  Small  difforeaces  in  Doppler  widths 
were  observed  vdiea  <^n«tip«ring  pn^hx  obtaiaed  for  difEereat  pump-probe  geometries,  or  in  a  given 
geometry  for  P  versus  oiype  transitions.  These  differences  reveal  a  small  degree  of  laboratory  recoil 
anisotropy,  and  a  correlation  between  the  laboratory  velocfry  and  the  plane  of  rotation  of  the  OH  fragments. 
Therefore,  Doppler  profile  measurements  for  most  levels  wme  made  with  pump  electric  and  probe  Poynting 
vectors  set  at  ^  mag^  angle  to  avoid  biases  doe  to  state-  or  fragment-dependent  translational  aKgnmenr.  A 
sh^le  parameter  is  eatracted  from  the  Gaussian  &s  to  die  individual  profiles.  This  is  the  average  LAB 
kmetic  energy,  <Eq>,  for  fri^ments  in  a  specific  rowforadon  leveL 

Figure  1  shows  of  <Eg^>  for  ^H  rotational  levels  in  v«0  and  1  and  for  ^H  rotttional  levels  in 
v«0.  Fragment  levels  for  ^H  v«2  and  ^H  v>l  are  populated,  but  the  LIP  signals  from  these  levels 
wme  too  weak  for  Doppler  analysis.  For  the  ^*OH  fragments  with  mtemal  energies  between  4000  and  8000 
cm*^,  there  are  no  significant  (Kfferences  between  the  kinetic  eaagjies  measured  for  hi^N  rotational  levels 
of  v>0  and  low-N  levels  of  v«l  at  a  similar  internal  energy,  implying  that  fragment  kinetic  energy  is  a 
fbnctwm  of  internal  energy,  EnnotNAD  ^  quantum  numbm.  The  rovibrational  levels  for  wfaidi  we 
have  measured  Dopfder  widths  nearly  span  the  range  of  intemal  energies  produced  bv  the  reaction;  the 
^*OH  data  sam|de  96%  of  the  range  of  levels  ptqmlated,  while  the  new  data  sample  83%. 

For  aU  rovibrational  levels  measured  <E|^^*OH)>  significantly  exceeds  <E|^(^H)>.  This  can 
onfy  occur  if  the  reaction  is  direct  Any  medianism  involv^  a  long-lived  complex  would  accelerate  both 
incqnent  OH  groups  to  a  common  velocity  (the  CM  velocity,  V^)  jvior  to  fragmentation.  Upon 
fragmentation,  the  CM  reccnl  velocities  of  tte  isotopically  distingnisliable  framamits  would  combine  with  VCM 
to  g^  average  LAB  qieeds  vriiich  would  be  the  same,  n^lecting  the  **OH-^*OH  mass  difference.  A  more 
detailed  picture  the  reactum  is  obtmned  by  transforming  the  measured  laboratory  velocities  for  the  OH 
fragmmits  into  a  pairs  of  coordinates  in  the  CM.  Eadi  laboratory  velocity  can  be  associated  with  a  range  of 
recoil  velocities  and  scattering  angfos  m  the  CM.  However,  there  is  a  unique  correspondence  of  the 
measured  average  LAB  speeds  to  the  underlying  average  recoQ  energy  <Erecoil^  ™  ^  ^ 

average  angle  <x>  in  the  CM.  (We  measure  <x>  from  the  initial  O^D)  atom  vel^ty  vector  in 

the  CM,  and  refer  to  scattering  into  the  hemiqihere  vrith  x<^  as  forward  scattering.)  The  uniqueness  of 
the  traixfonnation  is  due  to  conservation  of  momentum  in  the  CM,  and  to  the  observation  that  the  LAB 
kinetic  energy  <E|^(^OH)>  >2840cm*^  is  independent  of  E||^jgy^(**OH).  As  a  consequence,  a  pair  of 
<Ek£qqil^  and  <x>  values  are  umquely  associated  with  ead  value  ol  <E|^(**OH)>  and  with  each 
state  tlm  fragments. 
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FifBKl.  Eaeigy  oorrdatioiit  aod  average  CM  recoil  angles  as  a  fttoction  of  the  btemal 
eneigjr  of  tbe  fragment,  from  Ref.  5.  Relative  leoofl  kinetic  energy,  <E|tBcx>iL^ 

( - y,  pa^  sum  of  energies,  EDnERNAL(“OH)+  <Erecoil>  t  — )'• 

Einibrnal(!!o**)  derived  for  antioonrelated  pairing  of  EwiernalC^OH)  and 
(-+-+-);  resulting  total  enm  release, 

^iniernalC  ^^reooil^  ■*'®iNrBitNAL(**0**)  (“  *  “  *)•  distrflNition  of 
available  energy  is  sbown  as  ("***),  with  energy  as  the  ordinate. 

Figure  2  shows  <x>  and  <Ek£(3oq^>  obtained  from  the  LAB-to-CM  transformation  plotted  as  a 
^  ®lNreRNAL(**®^‘  The  sohd  curve  shows  the  net  CM  <EmgcoiL^‘  Representative  values  of 
the  CM  scatter^  ai*^  <Z>  are  indicated  at  filled  points  aloqg  this  carve.  Wej^itiiy  the  values  of  the 
hdemal-enetgy-depetident  <Ereooil^  ^  die  populatkm  distribution  gives  an  amngs  CM  ktamk 
energy  release  for  the  reaction  of  <  <Erecx>il^  ^  »S200cm''^  A  similar  wei^itmg  gives  an  average  value  of 
the  CM  scattermg  angle  <  <x>  >  «70*.  The  new-^^H  fragmeitts  scatter  preferential^  in  the  forward 
^ectk^and  the  average  CM  scattering  angle  <x>  increases  as  the  of  the  correlated 

oair  increases.  The  value  oS  <x>  *90*,  vdikh  is  perhaps  reached  for  the  higiMtrt 

could  occur  in  a  direct  reactkm,  but  could  also  arise  if  the  reaction  involved  a  long-lived 
ccmiplez.  Except  for  this  hi^-ener^  taQ  the  EDrrERNAL(*^^  distribution,  tbe  results  dearly  show  the 
presence  of  significant  scattering  anisotropy  in  the  CM,  {Moving  that  the  reaction  proceeds  in  a  direct  fadiitwi 
Using  the  average  initial  relative  velocity,  v-2300m/s,  a:^  the  impact  parameter,  h-1.7A,  dmived  from  the 
0(^D)-f  H2O  thermal  rate  constant,^  the  value  of  <x>  ~70*  correqKmds  to  a  maximom  cniliMnn  complex 
lifetime  of  T»h<x>/v«90£s. 

The  numerical  transformation  of  the  LAB  velocities  directly  yields  the  correlations  just  described 
between  fragment  Eug^EitNAL  the  CM  scattering  parameters  <Erecoil^  <x>*  Interfiragment 
enmgy  correlatuMis  can  also  be  derived.  In  fig.  2,  the  distribution  of  total  available  energy,  Eavah  awi  p.  is 
shown  along  the  left-hand  scale  using  a  dotted  curve.  This  incorporates  tbe  reacticm  exothermidty,  the 
0(^D)  reccnl  energy  distribution,^  and  the  reactant  thermal  energy  distributicML  The  partial  sum  ^  energy 
relea^  in  producmg  in  a  particular  state,  <Erecoil>»  plotted  against 

using  a  dashed  ( - )  curve  .  The  difference  between  the  availalde  energy  and  this 

pm&d  sum  is  the  energy  that  must  appear  as  internal  energy  of  the  geminate  ^OH.  For  the  assumption  of 
a  strict  anticorrelation  of  internal  energy  states  {Le.,  the  highest  Eioternal  states  shown  in  fi^  1  are 
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pwkheed  witt  fawhutr  **OH  frafBcaii  m  the  lowMt  itates),  ^  calnilted  total  eaeffy 

®Bira»UL(“0**)+ ^EjtBCOIL^  ♦ElwraitNAL^H)  it  plotted  ia  fit  2  as  the  dath^lot  ( - 

■)  canw  afiM  ("OH).  The  vahiet  ot  the  oofragmeat  Eg,nESNALv^^  derived  fron 

^  obtei^  pcoito  riate  ditfribotioa  1)  aad  are  plotted  agaiatt  EiniernalC*^^  m  Fig.  2  ustag 
(—■ ).  The  tot^  energy  jg  j0  good  egreeaieat  with  dw  avaiUile  eaogjr  far  aO  of  the 

propoted  pririqgi,  haficatiag  faat  EptrypywAi  (hstrSaitioDS  of  geaiinare  fragiaeats  are 

- a__  _ 


Theae  renha  provide  for  0(^D)+Hj0-20H  a  level  of  dyaaaiical  detail  that  is  aapcecedeated  ia  the 
capeiiawataldescrq^tioBofbiaiolecalar  reactioasthatprodaceasoiecBlar  prodacts.  We  see  faat  aiotf  *aew* 
OH  amiecales  are  scattered  m  the  faroard  directioa.  Those  which  have  relatHely  Iktk  oteraal  critiainB 
are  prodaoed  wUi  graiiaare  'old*  OH  fragaieatt  scattered  ia  the  opposite  iStectioa  with  Ugh  iateraal 
caritatioo.  New  OH  molecales  that  are  scattered  id  wider  angles  tead  to  have  higher  iateraal  eadtatioe  aad 
are  paired  with  old  OH  frapaeats  with  low  iateraal  eaetgy.  Oa  average,  27%  of  the  available  eaergy 
appears  ia  OH  prodact  vibratioa,  34%  appears  ia  rotation,  and  39%  appears  as  traasladonal  energy.  The 
rendts  do  aot  show  that  the  reaction  proaeds  via  a  single  abstraction/iasertion  aiechanism,  aad  both  types 
of  tngectories  auqr  be  importaat  In  any  case,  the  results  show  that  the  dominant  reaction  processes  are 
direct 


3.  DYNAMICS  OF  THE  CLUSTER  REACTION 

Sinoe  die  0(^D)-i-H20-*20H  himolecniar  reaction  is  direct  we  eipect  the  dynamics  of  die  reaction 
initiated  in  the  dimer  to  be  affected  by  dm  restricted  reaction  geometries  imposed  by  the  dnster 

strnctnre.  The  structnre  of  03-H20  determined  by  Foarier  transform  microwave  qmctrosoopy  (FTMS)^  is 
shown  in  fig.  3.  Siiaoe  the  H2O  lies  above  the  O3  plane,  and  sinoe  in  266nm  photolyiis  of  O3  die  O^D  atoms 
are  ejected  along  the  O3  b-aiis^^  (oat  of  the  plane  of  the  figure),  the  initial  0(*D)'t-H20  motion  resembles  a 
stripping  tnyectory.  Tlierefcice  we  siqposed  that  the  dynamics  woold  comprise  a  subset  of  the  correlated 
dynmaks  shown  in  fig.  2  for  die  unrestiicted  bimoiecolar  reaction. 


Ffgare  3.  03<H20  dimer  atrocture.  The  ceaters-of-’inass  sqiaratioo  is  2.96A 

O34I2O  dusters  were  produced  in  a  supersonic  eapansioo  of  matures  6f  *^03  and  Hj^  in  rare 
gases.  The  O3  was  diluted  in  Ar  and  Ne  and  stored  in  ^ass  or  stainless  steel  tanks.  These  mixtures  were 
caqpanded  thrcnigli  *  0.7mm  diameter  poised  nozde  after  p“«fT'g  over  a  temperature-cootrdled  H2*^ 
reservoir.  The  laser  aad  detection  aqiects  oi  the  duster  eqieriments  were  identical  to  those  used  for  the  gas 
phase  bimolecular  reaction  studies.  GenmaOy,  OH  UF  signals  were  observed  for  both  duster-initiated  aad 
bimolecniar  reactions  in  the  jet  The  cluster  soad  bimoiecolar  components  were  readily  distinguished  by  their 
dependencies  on  the  time  betwemi  phott^sis  and  probe  pulses.  The  duster  cmnponent  appeared 
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MitMtfaiieomly  and  wm  othenrise  bdepeadeat  of  puaq^probe  tiaie  ddqr  from  lOas  to  Itu.  The 
boBoleciilar  oompaaeat  jacrcmed  fiaearfy  wkh  tiaie  delay,  and  oaly  became  significant  (te.,  commensurate 
with  the  chMter  signaO  with  time  delays  of  ^^jcoodmately  0J|is. 


It  was  more  to  asoertmn  sdietber  duster  signals  arose  from  photolysis  of  the  O3-H2O  dimer 

or  Cram  larger  dusters.  We  used  several  prooedmes  to  opdauae  fapansam  coaditions  lor  03'H20  dimm' 
productkm  without  sigBifiGant  mterfereace  from  other  dusters.  Condeasatiaa  in  the  jet  was  diaracteriaed  by 
monitorh^  (>94120  mictowave  transitioas  usiiig  FTMS.  This  showed  how  the  (>34120  coaoeatrttioa 
scaled  with  eatpansioa  coadkioas,  and  sdiether  further  dusteriug  depleted  the  diiner  coacentratioa.  (The 
abeorpdoa  fines  eidiibited  a  oettnl  d9  if  larger  dusters  formed  oa  the  molecular  beam  aais  at  the  e]qiense 
of  dimers.)  We  also  measured  how  the  OH  UF  signal  mtensitics  scaled  with  eipanskm  conditions. 
Interforeace  from  larger  dusters  was  indicated  by  dewiatiaas  from  simple  pressure  scaKpg  rules  (Le., 
[(^4l20]*>P*)  in  the  intensities  of  the  UF  and  FTMS  signals.  Rnally,  we  measured  the  OH  UF  Doppler 
wiAhs  as  a  fimctioa  of  capansion  conditions.  This  was  the  most  sensitive  indicator  of  the  presence  of  larger 
dusters,  vdudi  caused  a  narrowing  of  Doppler  pit^les  as  the  large-duster  conceittrations  became  sipiificant. 
We  found  that  mhtures  of  5%0^/Ke  Ps4atm  and  2%03/Ar  Pslatm  passed  over  0*C  H2^  produced 
eiqpansions  in  which  ^^3412^  diiner  signals  predominated. 


Rgnre  4  diows  product  state  and  kmetic  energy  results  for  the  reaction  observed  in  ^^(>3412^ 
dusters  in  the  Ne  Similar  results  were  obtained  lor  the  Ar  As  can  be  seen  by 

comparing  this  figure  to  figure  1,  the  rotational  and  vibrational  distributioos  are  dramatically  colder  in  the 
dusto  reactkm  than  in  the  himofocnlar  reaction.  The  *nev^  product  k  Conned  with  vibrational 
populations  in  the  ratio  0.81(v«0)K1.19(v-l),  pving  <Ev|g>  ■dSOcm*^.  The  1I(A')/  JI(A')  ratios  show  a 
sli^  preference  for  the  symmetric  A-douUet  states,  but  not  as  pronounced  as  for  the  gas  phase  reaction. 
The  rotational  energy  distribntioos  give  <Ekq|>>  <B900cm*^  and  930cm**  for  *^H  v>0  and  v>l, 
respectiv^.  The  'dd*  is  formed  with  <E||02<>  «760cm‘*.  Products  of  other  duster-initiated 
reactions*^  also  show  significantly  odder  internal  energy  distribntians  than  their  bimolecular  analogs. 
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Figure  4.  Upper  panel-  Internal  energy  distributions  of  the  ( - ")  and  *^OH  ( - ) 

products  of  the  i^03'H2*^0  duster  reaction.  Discontinuities  reflect  different  vibrational  level^  €.g., 
^^OH(v*>0,l).  Lower  panel  -  LAB  kinetic  energies  for  the  *^OH  (•,  v-(^  +,  v>l)  and  i^OH  (o, 
v=0)  fragments  of  the  duster  reaction,  plotted  against  the  product  internal  energy. 
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Refenaoe  15  dtet  Mweral  aqpbuMtkMis  bated  ott  the  preseaoe  of  the  third  body  m  tbe  duster  leactioa.  la 
priac^le,  ^  third  body  can  cany  addhioiul  kinetic  energy,  induce  VJK-T  trandtiwit  m  the  firagpieats,  or 
efbctiw^  reduce  die  aidal  idedue  kiaetic  energy  of  Ae  prcjecdk  atom  and  the  target  nMdecuk  (Le.,  the 
IqpieezBd  atom''  effect). 

Kinetic  eneigiet  of  the  OH  prodactt  of  the  cfawter  reactioii  were  meatued  ndag  tid)-Dop|iler  UF. 
Profilet  meatnted  with  uariout  pumpinobe  polarization  geometries  are  well  fit  by  Gaussian  speed 
distributioiis,  and  show  no  rotational  or  recoil  anisoiiopies.  The  results  of  measurements  of  profiles  for  most 
of  the  states  with  dF***^*^— *  population  are  shown  in  figure  4.  Comparison  with  figure  1  shows,  for  all  states 
aseasuied,  that  the  kinetic  energies  of  the  duster  reaction  products  are  significant^  lower  than  those  of  the 
bbnolecular  reaction  products.  The  average  laboratory  kinetic  energy^  and  are 
<Eq>  <-920Gm'*  and  <EgB>  *770cm*^  respectively.  The  average^H>^H  reeoil  energy  is  at  most 
<Eniy^lI  >  sltSWkm'*.  formed  in  the  fimit  of  opposite  OH  momenta,  and  is  far  less  than  die  5200cm** 
value  measured  for  the  bwnolecular  process.  Tfcss  nuBcates  that  the  rndpient  OH  intemal  eschations  are  not 
amply  quendied  by  VJR-T  processes.  Nor  can  the  lowered  intemal  energy  of  the  OH  fragments  be 
ascribed  to  the  *aqneezed-atom*  effect,  sinoe  most  of  the  availaUe  energy  is  generated  by  die  reaction 
eaothermidty,  not  from  the  initial  rdidve  kinetic  energy  of  the  0(*D)-f  H2O  reactants. 

Most  of  the  available  energy  in  the  duster  reaction  must  be  drawn  away  by  the  Oj  fragment  The 
266imi>initiated  cluster  reaction  is  presumed  to  be 

*^«2*^+hv-{02(a*A^'“0(*D)H2“01-02(a*A,) + “OH +“OH. 

We  would  expect  to  find  appronrimately  15200cm**  of  energy  distributed  among  the  three  fragments.  The 
average  intemal  energy  found  in  both  OH  fragmmits  accounts  for  2350cm**  of  this  energy.  The  average 
kinetic  energy  sum  for  all  three  fragments  is  equal  to  1690cm**,  in  the  bmit  of  no  recoQ,  and  is  at 

most  3600cm**  in  the  fimit  of  maximum  oosaUe  03(0*  A^  momentum.  (In  this  limit,  the  D2(a*A  j 
momentum  opposes  parallel  *^H  and  ^H  momenta.)  Therefore  the  (]^(a*Ag)  must  carry  at  taut 
9200cm**  as  average  intemal  energy,  vriucb  is  far  greater  than  the  1400cm*^  intemal  energy  seen  in  02(a*Ap 
produced  by  266nm  jdiotolyds  of  isolated  Oj.*^  This  seems  an  unlikely  result  since  in  the  gas  phase 
excitation  OH  products  is  caused  by  the  10000cm**  ezotbermidty  of  the  subordinate 
*^0(*D)+ H2**0-^^H-f  *^H  reaction.  How  could  the  majority  the  energy  (85%)  generated  in  this  way  be 
transfoied  from  both  OH  fragments  to  the  intemal  of  degrees  (d  frreedom  die  O2  qiectator? 


Aiqiealing  alternatives  for  the  duster  reaction  mechanism  are  processes  which  involve  0(h*) 
reactions,  such  as 


*^«2**0+hv-(02(X^2:,')-*‘0(¥)H2**0J-02(X^,*)+*®0H+**0H. 

The  subordinate  duster  reaction,  *^(^)-f  H2*^->*^H-i-**OH,  is  endothermic  with  an  activation  energy  of 
20kcal/mol,  and  a  barrier  to  the  reverse  reaction  of  0.6kcal/moL^'^  The  dynamics  of  this  subordinate 
process  would  not  generate  a  ognificant  amoum  of  energy  in  the  OH  products,  other  than  the  initial  energy 
supplied  by  the  photo^sis  step.  (The  translational  energy  of  the  duster  products  vriD  be  discussed  bdow.) 

In  the  gas  phase,  03't-hv->02(X^g*)+0(^)  photolysis  occurs  with  10%  quantum  yield  at  26ftun,  and  is  a 
minor  component  (x5%)  of  tk  ove^  gas  phase  reaction  producing  OH.  In  the  duster,  it  is  conceivable 
that  the  photochemistry  of  266nm*excited  O3  is  perturbed  by  the  presence  of  the  complexing  H2O  to  produce 
mainly  0(^)-f  02(?Q.  and  the  0(*D)  fragmentation  becomes  a  mincH*  channeL  The  branching  in  O3  occurs 
at  lar]^  acpantioas,^  so  it  is  {dausil^  that  the  H2O  causes  such  a  perturbation.  Like  0(*D)  productimi 
from  26tem*exicited  O3,  0(^)  emerges  along  the  O3  h>axis.*^  A  geometry-induced  preference  for  *^(^) 
reactkms  in  *^03H2^  ^  consistent  with  the  notion  that  0(^)  reacts  by  abstractum,  vdiile  0(*D)  reacts 
by  insertion. 
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TV  Mibofdwutff.  03-t-hv-02(X^-')-t-0(^)  reacdon  has  been  studied  eiteasively  in  the  gas 
phase,**  We  are  unaware  of  measurenente  of  tlw  dynamics  of  the  gas  phase  0(^) +1120-2011  reactkm,  so 
here  we  resort  to  agedanfan  gas  phase  experiment  in  order  to  compare  the  duster  results  to  gas  phase 
expectathma.  In  the  gas  phase,  0(^)  is  produced  with  a  broad  range  of  kinetic  energies  and  about  half  ttf 
th^  O-atoms  tapfiy  eaom^  energy  in  the  center*of>mass  of  0“il20  collisions  to  overcome  the  barrier 
to  OH  production.  Baaed  on  the  0(^)  speed  distributions  in  the  Hterature,  and  assuming  a  0.dkcal  barrim 
to  the  20H-0(^)+1^0  reaction,  die  gas  jdiaae  reaction  sequence  would  produce  OH  fragments  with  an 
average  (total)  eamess  energy  of  oiily  1900cm**,  vriiidi  is  far  kaaer  than  die  energy  released  in  the  0(*D)  gas 
[diase  reaction,  and  relatively  close  to  the  energy  actual^  seen  in  the  **03112*^  duster  pnxfaicts.  At  the 
same  time,  if  die  duster  reaction  were  simply  a  geometry-constrahied  version  of  the  gas-phase  0(^) 
reaction,  pairs  of  OH  products  with  a  combined  average  LAB  kinetic  energy  of  at  least  6200cm**  should  be 
produced.  Hus  LAB  Idnetic  eneny,  wfaidi  is  greater  than  observed,  would  be  due  to  *^H'-**OH  center- 
of-mass  translation  (not  relative  *%H****OH  translatkm)  impressed  iqion  the  fragments  by  the  initial 
0(^)-atom  reooQ.  Baaed  on  conservation  of  energy  mid  momentum,  the  O2  fragments  produced  from  the 
duster  reaction  must  carry  an  average  intemal  energy  (electronic,  vibrationaLand  rotational)  of 
18200±1300cm**.  In  contrast,  the  02(X)  products  assodated  with  reactive  0(^)+H20  gas  jdiase  tngedories 
contain  <ni  average  only  c.  8000cm**.  Even  if  the  0(^)  process  occurs  in  the  dusters,  an  additional  effect 
must  be  operating  to  diqxKe  of  energy  m  the  intemal  dqpces  of  freedom  of  the  O2  fragment 

For  the  duster  reactkm,  figure  4  shows  that  <Eq>  increases  with  for  both  **OH  and 

**OH.  In  contrast,  lAotodissociation  experiments  whidi  induce  fragmentatkm  monoenergetic  molecules 
generally  produce  fragments  with  <Ek£>  weakfy  dependent  vpoo,  or  decreasing  with  The 

behavuH’  seen  in  figure  4  is  reminiscent  of  the  dynamics  of  laser-induced  thermal  desorpUon  of  molecules 
from  surfaces,  and  of  IR  multiphoton  dissodarion  Both  luocesses  start  with  a  distiibiitioo  of  energized 
mdecnles,  and  those  with  hi^r  initial  oieigy  ^eld  products  with  hi^ier  rotatkmal  and  translational  energy. 
This  suggests  by  analogy  that  the  energy  content  of  the  OH  duster  products  reflects  a  distribution  of 
availaUe  eneq^  We  speculate  that  the  energy  distribution  in  the  O2  portion  of  the  duster  is  somehow 
established  before  the  **OH*^H  portion  of  the  ezdted  complez  eqiels  OH  products,  but  these  two 
compcments  of  the  duster  process  are  not  decoupled  as  they  are  in  the  gas  phase  reaction  sequence. 

The  average  LAB  frame  kinetic  energy  of  the  **OH(vsO)  fiagments  of  the  duster  reactkm  is  L19 
times  that  of  the  *^H(v-0)  products.  The  gas  phase  reaction  results  in  a  larger  ratio  of  1.66  for  the  LAB 
kinetic  energies.  The  disparity  in  the  gas  phase  LAB  kinetic  enerpes  is  a  manifestation  ei  pronounced  rect^ 
anisotropy  in  the  **0(*D)+H2*^  center-cd’-mass  frame,  and  shows  that  the  gas  phase  reaction  is  direct.  If 
the  OH  coproducts  of  the  duster  reaction  were  formed  with  equal  magnitude  LAB  mcmaenta,  the  **OH 
products  v^Hild  ediibit  kinetic  energies  a  factor  of  L12  greater  than  their  **OH  partners.  This  prediction  is 
withm  the  eaqierimental  uncertainty  of  the  ratio  measured  for  the  dusters.  We  condude  that  tlm  LAB 
momenta  of  the  two  fragments  are  essentially  equal  They  are  certainly  dose  to  this  Hmir,  in  stark  contrast 
to  the  disparate  LAB  momenta  observed  in  the  gas  phase  reaction.  This  suggests  that  the  duster  reaction 
proceeds  in  an  mdirect  fashion,  on  a  timescale  slower  than  duster  motions  which  could  reorient  the  inceptive 
OH  velocities  (<e.g^  rotation  of  the  exdted  complex,  or  intraduster  motions  such  as  internal  rotations). 

4.  SUMMARY 

The  dynamics  of  the  226nm-photoinitiated  **0+H2**0-**0H+**0H  reaction  were  studied  using 
**03  H2^^  Waals  dimers  to  configure  the  initial  reagents.  This  comploc  geometry  and  the  O3 

photolydc  anisotropy  would  bias  the  initial  O+H2O  motions  in  favor  of  trajectories  of  the  "abstraction” 
archetype,  in  the  absence  of  duster  perturbations  on  the  O3  photolysis.  Si^Doppler  laser  induced 
flutnescence  probes  show  that  "new”-**OH  and  *old*-*^OH  products  are  formed  with  far  less  rotational, 
vibrational,  and  kinetic  energy  than  seen  in  the  gas  phase  bimolecular  0(*D)+H20-20H  reactirm.  The  gas 
phase  reaction  products  ediibit  disparate  eneipes,  n6w-**OH  being  "hotter*  than  old-*^OH,  as  well  as 
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praaonnood  eaogjr  oonelatioat  and  Mattering  aakotropy.  The  dorter  prodocU  have  ooae  of  theae 

the  ooodeiued  phaM  eavironiBeat  of  die  results  io  a  stgoiScaBt 

rfi—je  to  the  reaction  there  is  no  evidence  **»»*  the  0(^D)-f  H2O  m  k  is  onderttood  in  the  gni 

ohase,  is  hiwolved  in  the  duster  reaction.  Our  hypothesis  is  that  analogs  of  0(^)  reactions  oocor  in  the 
cfaiaten.  This  is  based  on  iatuitiwe  arguments,  but  could  be  tested  if  k  wne  possible  to 
«—«««»*»-  die  of  the  O2  duster  products,  or  if  more  were  known  about  die  dynnmics  of  gas  phase 
0(^)  reaction.  It  is  dear  that  the  O2  fragment  of  the  duster  reaction  plays  a  prominant  role  in  the  OH 
prodaction  ^Fnamics,  and  receives  in  ks  mtemal  degrees  of  freedom  signifieaittly  asore  energy  than  seen  in 
the  gas  ft****  reaction. 
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SPONTANEOUS  DISSOCIATION  OF  EXCITED  OXYGEN 
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ABSTRACT 

Dissociation  c^long-lived.  electronically  excited  O2  molecules  is  observed  to  occur 
as  die  molecules  pass  dnough  a  300  pm  wide  metal  slit  Spatial  and  temporal  analysis  oi 
die  oondated  dissociatioo  fragments  is  used  to  identify  die  dissociating  O2  states  and  to 
dettnmne  the  branching  in  dissodadon  to  die  CX}S) + 0(lD),  (X^D)  4-  0(^D),  0(^D)  + 
0(3F),  and  0(3p)  4*  0(3p)  dissociation  limits.  Studies  of  diis  phenomenon  as  a  function  of 
electric  field  applied  across  the  sUt  suggests  diat  the  dissociation  is  induced  Stark  mixing 
<rfkMg-lived02  molecules  that  leads  to  predissociatinn  by  die  valence  continuum  states.  In 
the  absence  (tf  an  external  electric  field  the  mixing  is  induced  by  forces  exerted  on  die 
mdecule  as  aomisequenoe  of  the  image  charges  diat  die  Rydberg  molecule  induces  in  the 
metal  surface,  when  the  molecule  travels  close  to,  but  does  not  jdiysically  touch,  die  metal 
surface. 


^  Pennanent  Address:  Institute  of  Physics,  University  of  Aarhus.  DK-8000  Aarhus  C,  Denmark. 

^  Present  Address:  Department  of  Mathematks,  Saint  Mary’s  CoUege  of  California,  Moraga,CA  94S7S. 


INTRODUCTION 


Several  recent  pqKis  have  explored  the  influence  of  an  external  electric  field  on 
dynamic  properties  of  molecular  Rydberg  stales.  These  studies  were  concerned  with  two 
effects  induced  by  the  electric  field;  For  one,  the  lowering  of  the  itxiizaticm  threshold  leads 
to  electric-field  induced  ionization.  This  effect  has  been  studied  for  the  molecules  H2,  Li2> 
Na2,  and  A  second  influence  of  the  electric  field  derives  frran  its  effect  of  /-mixing 
which  can  lead  to  ieiective  predissociadon  of  the  molecular  Rydberg.  Such  observations 
have  been  reported  for  the  molecules  H2  ^  and  H3  The  effect  of  /-mixing  may  be 

interpreted  in  general  terms  by  considering  three  electronic  states:  Ra,Rb>andC  HereRa 
is  a  Rydberg  state  that  is  stable  against  dissociatitm  at  zero  field  and  can  couple  to  a 
Rydberg  state  of  different  parity,  Rb,  through  the  Stark  effect  Predissociadon  of  Ra  can  be 
"turned  on”  by  an  external  electric  field,  inovided  a  dissociadve  ctmdnuum  state,  C,  is 
available  which  has  a  favorable  coupling  to  Rt>.  While  the  intrinsic  Stark  matrix  element 


merely  couples  /  vdth  /±1,  aU  /  values  will  n;nd  to  get  mixed  by  the  time  that  the  electric 
field  exceeds  the  cxidcal  value  for  mixing  n-states^^. 


In  the  present  paper,  we  report  observadons  of  externally  induced  predissociadon 
of  O2  Rydberg  states  when  diese  molecules  come  close  to,  but  (k>  not  touch,  a  metal 
surface.  We  attribute  this  process  to  forces  exerted  on  the  nx>lecular  Rydberg  state  by  die 
image  dipole,  that  is  induced  in  the  metal  surface  by  the  Rydberg  dipole  (core  plus 
electnxi).  We  speculate  that  these  forces  induce  /-changes  of  an  initially  stable  (long-lived) 
molecule,  thereby  opening  a  channel  with  good  overiap  to  a  dissociadve  continuum.  This 
behavior  is  observed  for  excited  states  of  the  oxygen  molecule  that  lie  below  the  lowest 
ionizadon  threshold,  v**  =  0  of  Of  (X^llg),  as  well  as  for  Rydberg  states  belonging  to 
vibradonally  occited  levels  that  lie  energetically  in  the  autoionizadon  continuum  (but  axe 
stable  (xi  die  time  scale  of  microseconds  before  diey  approach  the  metal  surface). 


We  investigate  the  vibrational  dep«idence  of  the  predissociadon  branching  amcmg 
die  available  dissociation  limits  of  02.  and  we  study  die  influence  of  an  external  electric 


field  on  this  predissociadon  phenomenon. 
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EXPERIMENT 


! 

The  apparatus  used  in  the  present  investigation  is  essentially  identical  to  that  used  in 
previous  wQik^^*^^  with  one  minor  exceptitm  titat  will  be  detailed  below.  In  brief,  ions 


are  produced  by  election  in:q)act  on  O2  gas  and  are  extracted  by  a  weak  repeller  field, 
accelerated,  mass  selected,  and  collinured  into  a  beam  with  a  specific  kinetic  energy  Eq. 
Following  a  total  flight  distance  of  250  cm  fiom  the  ion  source,  the  collimated  beam 

passes  through  a  cell  containing  Cs  vapor  (see  Fig.  1).  A  small  fiaction  («1%)  of  the 
beam  is  neutralized  in  the  Cs  vapor  to  produce  O2  molecules.  Charged  particles  leaving  tire 
cdl  are  swept  out  of  the  beam  by  an  electric  field  spplied  26  cm  downstream  fiom  the  celL 
Neutral  particles  travel  unimpeded  from  the  cell  to  a  slit  assembly  (SO  cm).  The  slit, 
fabricated  fiom  razor  blades  witit  a  nmninal  radius  of  curvature  of  order  1  pm,  provides  an 
opening  of  diiiiension  300  pm  x  10  mm.  All  particles  passing  through  the  open  area  of  the 
slit  are  collected  by  a  1.27  imn  x  50  mm  beam  flag  positioned  10  cm  downstream  firom  the 
slit  With  the  exception  of  the  immediate  vicinity  oiibcCs  cell,  all  regions  of  die  qipaiatus 
are  maintained  at  a  vacuum  of  5  x  10^  T<xr  or  less.  No  contribution  fixim  collisitxial 
dissociatitm  due  to  background  gas  is  detected. 


If  a  molecule  dissociates  in  die  region  between  the  slit  and  the  beam  flag  and  its 
fragments  escape  collectitm  by  die  beam  flag,  these  fiagments  travel  to  a  position-sensitive 
detector  for  correlated  fragments.  The  detector  explicitly  measures  the  spatial  (R=Ri-fR2) 
and  temporal  (At)  separations  of  the  two  corelated  fragments  produced  by  the  dissociaticm 
of  a  single  molecule  of  mass  M,  energy  Eo,  and  velocity  v  (Eq  =  Mv^)  to  define  die  center 
of  mass  translational  energy  (W)  released  in  the  dissociation: 

W  =  ^(R2  +  v?At2).  (1) 


The  combination  of  the  narrow  slit  and  the  beam  flag  geometrically  defines  a  range 
of  distances  firom  the  detector,  L,  for  which  the  two  correlated  fragments  can  be  both 
produced  and  detected.  The  narrow  slit  (1 10.8  cm  firom  the  detector )  defines  the 
maximum  value  for  the  beam  flag  (100.8  cm  firom  the  detector)  defines  the  minimum 
value  for  L.  The  effect  of  an  indeterminacy  in  L,  AL  ^  10  cm,  is  to  produce  a  broadening 
in  the  correlation  of  the  fiagment  temporal  and  spatial  separations  with  W,  in  case 
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dissodatkxi  occurs  over  this  broad  ran^  of  L  values.  Diffeientiadng  Eqn.  (1),  this 
broadening  is 

AW/W  =  2dUL.  (2) 


Thus  AW  is  a  constant  proportional  to  the  translational  energy  release.  For  unimolecular 
dissociation  diat  occurs  widi  equal  probalality  over  the  full  range  of  the  interaction  region 
(AL~10  cm),  the  resolution  is  quite  poor  with  AW/W  s  0. 18.  On  the  other  hand,  prompt 
dissociatUm  of  a  single  molecular  energy  levd  prepared  by  photoexcitation  within  a  ~2  mm 
laser  beam  diameter  is  found  to  yield  AW  «  0.025  eV  at  W  s  1.7  eV. 


The  state  distribution  in  the  precursor  Of  beam  was  selected  by  adjusting  the  ion 
source  pressure  and  residence  time  in  the  source.  The  actual  electronic,  vibrational,  and 
rotatiraial  populations  the  O}  ions  at  the  time  of  chatge-transfer  neutralizatkm  was 
«q)lidtly  deteimined  by  Walter  et  al.^^  and  by  van  der  Zande  et  al.^  Their  results  were 
confinned  in  the  present  woik  for  the  specific  e:q)enmental  conditions  emplt^ed  here. 
Briefly,  production  of  the  Of  beam  at  high  02  source  pressure  and  long  source  residence 
times  produced  an  ion  beam  with  >95%  population  in  the  first  several  vibrational  levels  of 
the  X^rig  state.  Production  of  the  beam  at  low  source  pressures  and  short  residence  times 
produced  comparable  populations  in  the  X^IIg  state  and  the  a^Ilu  states,  with  the 
populatitm  of  die  latter  extending  to  v>14.  The  a^IIa  state  is  the  only  electronic  state  of 
that  is  sufficiendy  long-lived  to  survive  the  >14  ^s  flight  time  between  the  ion  source  and 
the  Cs  charge  transfer  cell. 


OBSERVATIONS 


A  weak  dissociation  signal  of  O2  molecules  produced  by  the  reaction 

C^  +  Cs-»02  (3a) 

is  observed  following  passage  of  the  molecules  through  the  slit  assembly: 

Oj_>slit-»0  +  0  +  W.  (3b) 


where  W  is  the  released  translational  energy.  The  distributitxi  of  energy  releases  observed 
in  diis  dissociation  for  a  S  keV  beam  of  Of  is  shown  in  Figure  2.  The  spectrum  in  Fig.  2  is 
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2.  MeasuredenasyideasedistributkmforO  +  O  atoms  fonned  by  dissodatkmof 
S  keV  02  at  the  slit  in  die  absence  of  an  iq;)plied  electric  field 
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a  histogram  of  the  numberof  detected  pairs  of  correlated  fragments  (firagment  intensity) 
yielding  [Eqn.  (1)]  a  given  value  of  energy  release  W  in  the  range  0.5  eV  ^  W  ^  8.5  eV. 
Theq)ectnimhasbeenconectedfarthe  variatkxiof  the  cdlection  efficiency  with  oiergy 
release. 

The  ratio  of  the  fragment  positions  for  eadi  corehued  dissociation  pair  relative  to 
the  center  the  detector  is  found  to  be  peaked  at  unity.  This  is  consistoit  widi  the 
dissociatioa  products  beii^  cf  equal  mass,  as  expected  for  fragmentation  fixxn  O2 
mnleciilfts-  In  addition,  the  degree  of  conelation  in  the  ^Mtial  and  ten^xxal  sqMoations  of 
die  dissociation  fragments  proves  diat  the  signal  does  not  arise  from  grazing  collisions  of 
the  molecules  with  the  surface  of  the  slit 

It  can  be  seen  in  Fig.  2  diat  the  energy  release  peaks  fall  into  four  groups,  each 
containing  6  OT  7  peaks  of  Significant  intensity.  The  energy  release  values  corresponding  to 
the  rnidpoint  of  each  peak  are  given  in  Table  L  Within  the  experimental  uncertainty  (±10 
meV),  the  qiacings  of  die  peaks  within  each  group  are  identical  and  these  spacings 
cmie^nd  to  those^i-22  of  the  vibrational  levels  v=s0*6  of  die  Of  X^Ilg  state.  As 
rii<Bc^l!MeH  in  the  next  section,  the  observed  fragmentation  arises  from  dissociation  of  near¬ 
degenerate  (very  high  n)  Rydberg  states  of  O2  on  this  core  to  produce  four  sets  of  O  *»■  O 
fragments  with  differing  degrees  of  electrcxiic  excitatioiL  For  the  purpose  of  refening  to 
specific  features  in  die  specua,  we  label  each  of  the  peaks  within  each  group  by  consecutive 
vibrational  numbers  with  vsO  being  assigned  to  the  peak  at  lowest  W  within  each  group. 
The  four  groups  are  labelled  from  low  to  high  W  as  (X'S)  +  CX^D),  0(^D)  +  0(iD),  0(^D) 
+  0(3P),  and  CX^P)  +  (X^P). 

The  spectrum  in  Hgure  2  was  recmded  widi  the  same  potential  (ground)  applied  to 
the  two  razor  blades  that  form  the  slit  assembly.  However,  dissociaticm  is  also  observed 
with  an  dectrostatic  potential  difference  applied  between  die  two  razor  blades.  The  effect 
of  the  potential  difference  on  the  fragment  oiergy  rdease  plectrum  is  shown  in  Fig.  3  for 
dieSkeVbeam.  Each  of  die  spectra  in  this  figure  is  approximately  normalized  to  the  same 
beam  flux  and  accumulation  time  to  allow  comparison.  It  can  be  seen  in  diis  figure  that 
increasing  the  tqiplied  field  affects  the  widths,  relative  intensities,  and  nomiiial  values  of  the 
energy  releases  of  die  spectnitiL  In  particular 

1.  With  the  exception  of  the  lowest  group  [(X^S)  +  CX^D)],  the  intensity  of  the  vaO 
peak  increases  with  applied  voltage  whereas  the  intensities  in  v  >  0  decrease  rqiidly.  In  die 
(X^S)  +  CX^D)  group,  all  peaks  decrease  in  intensity  with  applied  field  widi  v^  and  v=2 
exhibiting  the  smallest  effect 
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2.  The  positions  of  the  peaks  within  each  group,  as  d^ned  by  the  ^^Muent  W  value  at 
their  Gaussian  centroids,  shift  slighdy  to  lower  values  W  widi  implied  field. 


3.  Widi  the  exception  of  the  lowest  W  group  [0(^S)  -«■  CX^D)]>  die  peaks 
coneqponding  to  v«Oapiffeciably  broaden  to  lowerW  with  ai^Ued  field.  This 
broadening  win  also  influence  the  apparent  mid^int  of  the  vaO  peaks.  Peaks  v  >  0  and  aU 
peaks  in  the  0(^S)  0(^D)  group  show  no  t^iservable  dqiendence  of  peak  width  tm 
qiplied  field. 


4.  The  flux  of  detected  dissociation  fiagments  is  found  to  scale  directly  with  the 
concentration  of  a^Ila  in  die  {xecursor  ion  beam.  The  relative  intensities  of  die 
vibrational  peaks  within  each  group  are  unaffected  by  the  ai^Ilu  concentratkm.^ 


DISCUSSION 


NATURE  OF  THE  DISSOCIATING  STATES 


Id  molecular  dissociation,  die  potential  energy  of  the  dissociating  state  (Eiot)  is 
released  as  kinetic  (translational,  W)  and  potential  (internal,  Eim)  .energy  of  its  dissociation 
products  at  infinite  sqiaration 


Etot»Eint  +  W.  (4) 

In  die  present  experiment,  die  translatkxial  energy  spectrum  of  the  fiagments  ^lecifically 
measures  only  die  kinetic  energy  component,  W.  However,  the  possible  inteinal  energy 
states  in  the  product  atoms  axe  relatively  few  and  are  widely  separated  in  energy.  The 
lowest  dissociation  limit  of  the  O2  molecule  is  to  form  ground  state  atoms: 


O2  ->  0(3P)  +  0(3P)  Hint  *  0  cV.  (5a) 

R  we  choose  this  as  the  reference  of  total  energy  (E|ot)>  die  next  higher  limits  lie  at: 


02->0(lD)  +  0(3P) 
Q2->0(lD)  +  0(lD) 
02->0(*S)  +  0(3P) 
02-»0(^S)  +  0(>D) 
O2^O0S)  +  O0S) 


Eim  =  1.967  eV 
Eim  =  3.935  eV 
Eim  =  4.190  eV 
Eim  *6.157  cV 
Eint  =  8.380  eV, 


(5b) 

(5c) 

(5d) 

(5c) 

(5f) 
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where  tbe  aiDmic  exdtadan  energies  are  taken  fix)m  Moore  With  this  energy  reference, 
the  lowest  energy  levels  of  O2  (X^X^,  v^,N»l  J«0)  and  Of  O^Tlin,  v«0)  lie  at  -5. 1 167 
eV  and  6.954  cV,  respectively,  where  the  dissociatkxi  energy  (d8  “5.1 167  eV)25  and  the 
kmization  potential  (IP  « 12.071  eV)^  of  Oi  provide  the  necessary  connections  between 
the  neutral  and  kniic  molecular  levels  and  the  atomic  energy  levels. 


The  sqMzatioas  among  the  four  grotqts  of  peaks  observed  in  die  translational 
energy  release  spectrum  of  the  O2  molecule  (see  Hg.  2  and  Table  I)  match  the  energy 
sqiaraticHis  of  the  various  Oi  dissociation  limits,  hence  a  unique  assignment  of  die 
diiKngiarinn  products  Can  be  made.  Each  of  the  groiqis  contains  at  6  or  7  discrete  peaks 
placed  by  roughly  0.23  eV.  This  corresponds  to  the  vibrational  spacing  of  the  Of  X^Ilg 
state,  AGi/2«(0te-2o)eXe“  0.2322  eV.  If  we  crmsider  each  of  the  peaks  within  a  groiqi 
to  have  areladve  vibrational  energy  (Gy)  equal  to  that  of  die  X^Ilg  state,  dien  all  of  the 
observed  peaks  should  be  described  by 

Eievel  “  W  -  Gy  +  Ejnt,  (6) 


where  Eint  is  given  by  Eqn.  (S).  Assigning  the  vibrational  numbering  of  the  peaks  as  given 
in  Table  I,  Le.  with  the  lowest  member  of  each  group  assigned  as  v^O,  and  taking  Wobs  “ 
W,  the  values  of  Eieyel  for  the  four  groups  of  peaks  are  found  to  bee  6.9S1±0.017  eV  for 
CX}S)  +  6.973±0.008  eV  for  (X^D)  +  0(^0).  6.970±0.012  eV  for  CK^D)  +  CK^P), 

and  6.953±0.008  e  V  for  0(^P)  4-  0(3p).  The  four  values  are  reasonably  consistent  and 
yieldanenergy  for  vaO  of  the  dissociating  state  of  6.%3±  0.004  eV  above  ground  state 
atoms.  For  conqiatison,  the  lowest  level  of  the  Of  X2llg(va0)  lies  at  6.954  ±  0.001  eV. 


Two  features  of  the  spectrum  argue  that  the  dominant  contribudoo  to  the  observed 
width  of  the  transladonal  energy  peaks  is  (hie  to  die  internal  energy  levels  of  the 
dissociating  Rydberg  nxdecules  (rotadtxial  and  fine-structure  states)  and  to  the  presence  of 
molecules  in  a  range  values  of  die  principal  quantum  number  n.  One  feature,  obvious  in 
the  Gaussian  fits,  is  that  the  peak  envelopes  tail  toward  higher  energy  release,  such  as 
would  be  expecred  for  an  ensemble  of  unresolved  rotational  levels.  Seccmdly,  the  width  of 
the  peaks  in  the  energy  release  spectrum  are  leladvely  broad  (AW  ~  0.1  eV  in  die  narrowest 
qiectra)  in  comparison  with  the  intrinsic  resolution  of  the  apparatus  (AW  ~  0.025  eV),  and 
are  very  nearly  constant  as  a  functiem  of  increasing  energy  release.  In  (»»trast,  if 
fragments  are  produced  over  a  range  of  distances  spanning  fixxn  die  slit  to  the  flag,  as 
would  occur  for  a  unimolecular  dissociation  with  microsecond  lifetime,  a  broadening  that  is 
linearly  dependent  on  energy  release  would  result  [as  predicted  in  Eqn.  (2)].  Since  such  a 
dqiendence  is  not  observed  here,  the  primary  contribution  to  the  observed  peak  widths 
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most  vise  firom  the  molecular  energies  of  die  dissociating  O2  levels  or  atomic  fine  structure 
levels  in  the  dissociation  pnxtaicts. 


Since  the  dissociating  levels  ai^iear  to  describe  a  very  high  Rydberg  state  ttf  O2,  an 
imeinal  structure  very  nearly  that  (tf  the  X^Ilg  state  could  be  etqiected,  Le.  a  spin-orfait 
^dining  of  order  0.025  eV  uid  a  rotational  manifidd  described  1^  die  rotational  constants 
(tf  the  kn.  Using  an  qjparatus  function  diancteristic  of  the  present  etqxrimental 
anangement,  the  experimental  qiectn  were  fit  presuming  the  dissociatioo  of  7  vibrational 
levels  in  a  single  Rydberg  state  of  O2  widi  internal  energy  levels  exacdy  described  by  the 
^^Ilg  mtdecular  constants.  We  further  presumed  that  both  spin-orbit  ctxnptments  have 
etpial  pt^tulations  rnd  dissociation  rates,  diat  the  rotational  populatkxi  distribution  in  all 
vibrational  levels  can  be  characterized  by  a  single  Boltzmann  temperature  Hioc).  that  ^Pj 
dissociatioo  products  are  produced  in  a  statistical  distribution,  and  that  the  dissociations 
occur  within  a  region  of  length  AL  centered  at  die  slit 


The  resulting  vibrational  intensities  from  the  fits  are  given  in  Table  U.  As  described 
for  the  Gaussian  fits,  no  evidence  was  found  for  the  production  of  products  in  Reaction 
(5d).  Both  the  3  keV  and  5  keV  spectra  were  found  to  be  well  described  by  a  single 
rotatiotud  tenqierature  T|ot »  63QtS0K.  This  is  comparable  to  the  rotational  temperature  of 


fi7S±200K  observed  by  Walter  et  al.i^  for  the  C^IIu  state  of  O2  produced  by  charge 


transfer  of  O^QC^Ilg)  in  Cs.  Also,  both  spectra  yielded  the  same  value  for  the  energy  of 
the  dissociating  state,  Eqn.  (6),  Eievel  *  6.931  ±  0.004  eV,  where  the  cxxot  refers  only  to 


the  standard  deviation  in  the  fits.  This  value  lies  31  meV  below  that  estimated  from  die 
Gaussian  fits.  This  was  to  be  expected  because  now  the  energy  refers  to  the  lowest  energy 
level  rather  than  to  the  peak  of  a  rotational  and  spin-orbit  pqpulation  distribution.  In 
cooqiaiison  to  the  energy  of  O^fX^Ilg)  at  6.954  eV,  l^evel  lies  23  meV  lower.  This  too  is 
eiqiected  for  a  Rydberg  state  converging  to  this  icxi  core.  Of  particular  significance  is  diat 
the  3  keV  and  5  ke  V  spectra  could  not  be  fit  using  a  single  value  for  AL,  considering  the 
participation  of  only  a  single  Rydberg  state  in  each  case.  Rather,  values  fix’  AL  of  4.2  ± 
02,  am  and  6.4  ±  0.2  mm  had  to  be  assumed  for  the  3  keV  and  5  keV  spectra, 
respectively.  These  would  correspond  to  effective  dissociation  lifetimes  of  31  ns  and  37 
ns,  respectively. 


Thus  a  single  dissociating  Rydberg  state  of  O2  carmot  provide  the  proper 
descriptitxi  of  the  observed  spectnua  However  a  consistent  representation  of  the 
experimental  spectrum  is  obtained  if  a  series  of  Rydberg  states  is  assumed  to  be  present, 
that  lie  widiin  a  specific  energy  range  and  dissociate.  This  range  is  essentially  equal  to  the 
difference  in  energy  between  Eievel  atiti  the  ionization  energy  of  O2,  0.023  eV, 
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ENERGY 


4.  Location  of  die  excited  states  (rf  02^  participate  in  the  observed  dissociadon 

process,  leladve  to  the  lowest  vibrational  levels  of  the  molecular  ion. 
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coRC^wiiding  to  a  series  of  O2  Rydberg  states  widi  effective  quantum  numbos  in  the 
range  24  ^  n  ^  w.  Hus  reastming  also  ixzqrlies  that  die  dissociation  lifttinM  is  much  smaller 
than  30  ns,  that  is  the  dissociation  is  confined  into  a  narrow  range  of  distances,  L,  in  the 
vicini^  of  die  slit  In  Figure  4  we  give  an  energy  diagram  that  shows  die  location  of  the 
dissociating  states  relative  to  the  bwest  vibrational  levels  of  die  molecular  ground  state  ion. 
The  range  of  energies  over  which  excited  states  participate  in  the  dissociation  process  for 
zero  fidd  and  for  a  potential  difference  of  200  V  applied  to  the  slit  is  indicated  as  well 


FORMATION  OF  THE  DISSOCIATING  STATES 

The  direct  variation  of  dissociation  fragment  flux  widi  the  concentration  of  Of  a^IIu 
in  the  ion  beam  suggests  that  this  state  is  the  precursor  of  the  dissociating  O2  state  diat  is 
frnined  by  charge  transfer  in  Cs  vapor.  Ttw  a^Ilu  state  lies  4.03  eV  above  the  X^Hg 
state  or  4.0S  eV  above  the  range  of  Rydberg  states  that  are  observed  here  to  dissociate. 
Given  the  3.8939  eV  ionization  potential  of  Cs,  the  charge  transfer  reaction 

OjCa^ITu.v)  +  Cs  02(v+Av)  +  Cs+  +  AE  (7) 


is  near  resonant  (A£  ~  0)  for  Av  -  1  if  it  is  assumed  that  the  O2  states  are  hi^  Rydberg 
states  of  the  ground  state  ion  core.  Thus,  the  energetics  of  the  reaction  strongly  favor  it 


Given  the  electron  cmfigurations^^  of  the  0f(a4n|j),  a+  *  ...(30g)2(l7Cu)3(ljtg)2, 
and  Oj  X^IIg,  X'*’  =  ...(3ag)2(lnu)4(ijCg)l,  electron  ctqiture  in  Reactitm  (7)  to  form  a 
(nGX'*’  Rydberg  state  must  also  involve  the  excitatitxi  of  a  core  electron.  Such  a  process  is 
thought  to  be  highly  improbable.  However,  if  we  coixqiare  the  observed  flux  of 
dissociation  fragments  in  the  present  experiment  with  that  produced  by  pronqit  dissociation 
at  tile  Cs  cell,  the  relative  concentration  of  the02  observed  here  to  that  of  the  (3sag)X'*‘ 
states  formed  in  Reacticxi  (7)  is  (xily  ~10^!  Thus  the  reduced  probability  for  a  two 
electron  process  necessary  to  form  {niyx*  states  in  Reaction  H)  is  consistent  with  the 
observed  fragment  flux. 


DISSOCIATION  PRODUCT  BRANCHING 


Hgure  5  gives  the  relative  flux  of  fragments  at  each  of  the  four  dissociation  limits  as 
a  function  of  the  vibrational  quantum  number  of  the  dissociating  state.  The  data  shown 
represent  the  average  betwem  the  results  obtained  at  3  keV  and  at  S  keV  beam  oiergies.  It 
can  be  seen  that  the  greatest  flux  of  fragments  is  produced  at  the  0(^D)  +  Of^P)  limit  The 
next  higher  product  channel  is  the  production  of  two  ground  state  atoms,  accounting  for 


87 


Branching  of  Oj(v)  +  e 


V 


V 


V 


V 


V 


V 


V 


6 


5 


4 


3 


2 


1 


0 


80% 

60% 

40% 

20% 

0% 


*V^  ”>•9, 


X  X  X  X  X 

•^9.  •V'Q 


Nfeasuted  branching  (rf  dissociation  products  that  originate  firran  Rydbei:g  states 

>M»innging  to  thc  vibiational  core  states,  v-i-  s  0  to  6,  anxmg  die  avahaUe  dissociation 

liimts  of  02* 


average  of  3  and  5  keV  data 


rottj^y  20%  of  the  fragments.  Production  of  CX^D)  0(^D)  is  also  found  to  be  highly 
piobaUe.  The  hipest  energy  dissociation  channel  (X^S)  +  CX^D)  is  a  relativdy  mintxr 
channel  No  evidence  is  found  in  the  expenmental  spectra  for  production  of  CX^S)  CX^P) 
fragments.  Such  contributions  would  have  to  be  less  than  1%  in  tiie  total  product  yield  to 
escape  detectkm. 

DISSOCUTION  MECHANISM 

It  is  clear  from  our  results  that  the  process  leading  to  dissociation  of  O2  must  be 
confined  to  a  narrow  region  in  the  vicinity  of  the  the  slit  assembly.  We  propose  tiiat  the 
following  mechanisms  are  primarily  responsible  for  the  observed  effects; 

Let  us  assume  tiiat  the  charge  tranter  process  leads  to  production  of  (n/)X* 
Rydberg  states  with  a  wide  range  of  values  of  n  and  t .  Rydberg  states  with  low  values  of 
I  generaUy  have  more  efficient  coupling  to  ti»  valence  continuum  states.  Hence,  these 
lower  t  members  of  the  O2  ensemble  of  states  will  be  removed  from  the  beam  during  the 
transit  period  to  the  slit  assembly  by  predissociation.  Rydberg  states  with  low  values  of  n 
and  i  can  also  be  removed  from  the  O2  ensemble  by  radiative  decay  to  lower  O2  states. 

Thus  at  the  slit,  only  a  small  concentraticxi  of  will  remain  undissociated,  and 
these  will  consist  of  high  f  and  high  n  Rydberg  states  that  are  relatively  immune  to 
predissodation  and  to  radiative  decay.  At  the  slit,  the  O2  beam  is  subjected  to  one  of 
several  effects  that  can  give  rise  to  a  Staik  mixing  of  the  nl  states,  thereby  admixing  to  all 
or  some  of  the  high  I  quantum  levels,  conqxjnents  of  lower  t  states  that  ate  predissociated. 

The  high  n  Rydbeig  states  are  also  subject  to  field-induced  ionization.  Here,  the 
field  can  either  lead  to  direct  field  ionization  of  Rydbergs  with  n  greater  than  a  critical  value. 
This  process  will  affect  all  vibrational  levels  of  the  O2.  In  addition,  the  Stark  mixing  from 
the  field  can  increase  the  rate  of  aueoionizaticxi  of  Rydberg  states  with  v  >  0  (for  n  >  7  these 
levels  lie  in  the  ionization  continuum).  Since  only  neutral  fragments  are  detected  in  the 
present  experiments,  the  effect  of  O2  ionization  is  to  renoove  it  from  contributing  to  the 
dissociation  flux.  This  is  evident  for  the  dependence  of  the  flux  of  dissociating  molecules 
on  the  magnitude  of  the  electric  field  applied  across  the  slit  as  shown  in  Figure  3.  The 
depletion  of  the  dissociation  signal  due  to  field  induced  ionization  and  the  origin  of  the 
dissociation  signal  due  to  an  electric  field  related  effect  is  further  supported  by  the 
observations  that  the  v  =  0  peaks  broaden  to  lower  energy  release  with  applied  field, 
whereas  v  >  0  peaks  do  not  perceptibly  broaden,  but  only  shift  to  lower  values  of  energy 
release. 


RELATIONSHIP  TO  DISSOCIATIVE  RECOMBINATION 


The  variation  of  tfie  predissociation  brandling  with  vibrational  level  reflects  die 
availafaility  of  die  different  continuum  states  of  O2  to  which  the  ccne  can  couple,  as  well 

as  the  dynamics  of  die  dissociating  system  as  it  experiences  die  molecular  ctmtinuum.  In 
diis  sense,  the  dissociative  process  investigated  here  is  related  to  die  molecular  dynamics 
invdved  in  dissociative  recombination  (DR)  of  with  electrons,  both  in  the  direct  as  well 

as  in  die  indirect  DR  channel^  Therefore,  as  acorollaiy  to  our  results,  we  can  answer  the 
inqixirtant  question  (tf  u^h  final  atomic  states  are  produced  when  a  specific  vibrational 
level  of  superexcited  oxygen  molecule  predissociates.  This  process  is  related  to  the 
dynamics  of  that  undergoes  dissociative  recombination. 

Previous  investigations  c£  dissociative  recombination  of  were  prinaarily 
concerned  with  the  rate  of  formation  of  CX^S),  the  origin  for  the  green  atomic  oxygen 
emission  in  the  night  sky.^  Theory^^  predicts  a  yield  of  (X^S)  (relative  to  a  yield  of  2  for 
all  atoms)  of  0.0024  for  vM),  O.OSl  for  v^l,  and  0.15  for  vs2.  This  vibrational 
sensitivity  is  primarily  a  consequence  die  location  of  the  continuum  state  that  is  eiqiected 
to  contribute  most  stron^y  to  the  dissociative  recmnbination  reaction.  Generally  higher 
yields  are  deduced  from  satellite  based  observations,^  which  also  predia  an  increase  in  die 
3neld  with  vibrational  quantum  number.  By  cmnpaiison  our  eiqietimental  yields  for  CX^S) 
are  0.033, 0.041, 0.04S,  0.018, 0.010, 0.015,  and  0.(X)7  for  v  increasing  from  vM)  to 
v«6,  in  matked  disagreement  with  the  strong  vibrational  dependence  currendy  accepted 
from  theoretical  and  oqierimental  results.  ^  the  other  hand  our  eiqreiimental  yields  far 
CX^D)  are  0.73, 0.79, 0.83, 0.81, 0.78, 0.82, 0.78,  for  the  vibrational  levels  vM)  to  6. 
Previous  laboratory  and  satellite>based  observations  place  diis  yield  near  uni^.^ 
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The  Dodecahedral  N20  Molecule: 
Some  Theoretical  Predictions 


Henry  F.  Schaefer  III 

Center  for  Computational  Quantum  Chemistry 
University  of  Georgia 
Athens,  Georgia  30602 


The  intense  scientific  and  popular  interest  in  the  Ceo  molecule 
has  naturally  raised  the  question  whether  other  important  cluster 
species  have  been  systematically  overlooked.  Our  interest  in  this 
respect  arises  from  a  comparison  with  the  dodecahedrane  molecule 
C20H20*  the  subject  of  an  intense  organic  synthesis  quest  that  ended 
in  1982  with  the  work  of  Paquette.  Isoelectronic  with  C20H20  would 
be  the  dodecahedral  N20  molecule,  which  presumably  would  also 
display  Ih  symmetry. 

Assuming  that  dodecahedral  N20  can  be  synthesized,  it  is  not 
expected  to  rival  the  remarkable  stability  of  Ceo*  Assuming  that  the 
thirty  equivalent  nitrogen-nitrogen  single  bonds  are  unstrained,  N20 
would  be  bound  by  roughly 


30  X  (40  kcal/mole^)  =  1200  kcal/mole 


relative  to  twenty  infinitely  separated  nitrogen  atoms.  For 
comparison  ten  nitrogen  molecules  (N2)  are  bound  by 


10  X  (225  kcal/mole^)  =  2250  kcal/mole 
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relative  to  the  same  set  of  twenty  nitrogen  atoms.  Thus  our  back-of- 
the-envelope  calculation  suggests  that  dodecahedral  N20  will  lie 
above  separated  N2  molecules  by  roughly  105  kcal  per  mole  of  N2 
molecules.  One  concludes  that  N20  with  its  weak  nitrogen -nitrogen 
single  bonds  would  be  a  reasonable  candidate  for  a  high  energy 
density  material  (HEDM). 

To  our  knowledge,  the  only  previous  mention  of  N20  in  the 
chemical  literature  is  contained  in  the  1992  paper  Chen,  Lu,  and 
Yang.  These  authors  note  that  the  N-N-N  bond  angles  in 
dodecahedral  N20  are  exactly  108®,  very  close  to  the  tetrahedral  bond 
angle  109.47**,  suggesting  that  N20  may  be  relatively  unstrained. 
Chen,  Lu,  and  Yang  have  applied  the  semi-empirical  MINDO/3,  MNDO, 
and  AMI  methods  to  dodecahedral  N20.  Unfortunately,  the  semi- 
empirical  results  are  inconsonant,  even  with  respect  to  the  question 
of  whether  dodecahedral  N20  lies  senergetically  above  10  N2  (it 
obviously  does;  see  discussion  above).  Moreover,  for  such  a  novel 
species  as  dodecahedral  N20.  it  is  not  a  priori  obvious  which  of  these 
three  semi-empirical  methods  will  be  most  reliable. 

In  this  research,  the  structure  of  dodecahedral  N20  has  been 
predicted  using  ab  initio  quantum  mechanical  methods.  The 
minimum  basis  STO-3G  set  of  Hehre,  Stewart,  and  Poplewas  used  in 
preliminary  studies.  This  was  followed  by  the  N(9s5p/4s2p)  double 
zeta  (DZ)  basis  of  Huzinaga  and  Dunning.  The  double  zeta  plus 
polarization  (D21P)  basis  added  a  set  of  d  functions  on  each  nitrogen 
atom,  with  orbital  exponent  ad  (N)  =  0.8.  Finally,  the  Huzinaga- 
Dunning  triple  zeta  plus  double  polarization  (TZ2P)  basis  set, 
designated  N(10s6p2d/5s3p2d),  was  used.  In  the  TZ2P  basis  set  of 
480  contracted  gaussian  functions  the  polarization  function  orbital 
exponents  were  Od  (N)  =  1.6,  0.4.  In  addition  to  the  self-consistent 
field  (SCF)  method,  used  here  with  all  basis  sets,  second-order 
perturbation  theory  (designated  MP2  here)  was  used  in  conjunction 
with  the  DZP  basis  set.  All  computations  were  carried  out  using  the 
TURBOMOLE  programs  of  Ahlrichs  and  coworkers. 

Table  1  shows  the  ab  initio  bond  distances  and  dissociation 
energies  for  N20  and  compares  these  with  the  semi-empirical  results 
of  Chen,  Lu,  and  Yang.  At  the  SCF  level  of  theory,  the  N-N  bond 
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distance  appears  to  be  reasonably  converged  with  the  DZP  basis  set. 
Extension  frtmi  DZP  to  TZ2P  decreases  the  SCF  bond  distance  by  only 

0.001  A. 

The  treatment  of  electron  correlation  effects  using  second  order 
perturbation  theory  is  seen  to  significantly  increase  the  N-N  single 
bond  distances  -  by  0.06S  A  to  1.503  A.  Given  the  tendency  of  the 
MP2  method  to  somewhat  exaggerate  correlation  effects  and  the 
expected  shortening  of  bonds  with  larger  basis  sets  ,  we  suggest  a 
final  N-N  bond  distance  of  about  1.48 A.  Thus  the  MINDO/3  method  is 
seen  to  be  severely  deEcient,  the  MNDO  method  fair,  and  the  AMI 
method  exemplary  in  their  predictions  of  the  N20  bond  distances. 
This  1.48  A  bond  distance  is  somewhat  longer  than  the  "normal" 
nitrogen-nitrogen  single  bond  distance  of  1.447  A  in  hydrazine,  H2N  - 
NH2. 

The  ab  initio  binding  energies  of  N20  relative  to  ten  separated 
N  2  molecules  are  consistent  with  the  back-of-the-envelope 
arguments  given  in  the  introduction  to  this  paper.  Expansion  of  the 
basis  set  favors  10  N2  relative  to  N20>  due  no  doubt  to  the 
importance  of  polarization  functions  in  describing  the  N2  triple  bond. 
However,  second-order  perturbation  theory  is  more  important  for 
N20  than  for  10  N2.  A  reasonable  final  ab  initio  estimate  for  AE(N2o  * 
10  N2)  is  about  1000  kcal/mole,  or  SO  kcal  per  mole  of  nitrogen 
atoms.  Thus  N20  would  be  a  very  effective  high  energy  density 
material  if  it  could  be  readily  synthesized.  The  highly  constrained 
dodecahedral  structure  of  this  N20  isomer  suggests  that  a  substantial 
barrier  to  fragmentation  may  exist.  As  with  the  structural  results, 
the  ab  initio  energetic  predictions  confirm  the  reasonableness  of  the 
AMI  predictions  but  discredit  the  MINDO/3  and  MNDO  methods. 

DZ  SCF  and  DZP  SCF  vibrational  frequencies  for  dodecahedral 
N20  ^ere  also  predicted.  All  of  the  N20  vibrational  frequencies  are 
remotely  distant  from  the  isolated  N2  harmonic  vibrational 
frequency,  2359  cm-^.  Unfortunately  only  the  Tiu  vibrational 
frequency  among  the  fundamentals  is  allowed  in  the  infrared.  The  IR 
intensity  of  the  Tin  fundamental  decreases  drastically  from  the  DZ 
SCF  (13  km/mole)  to  the  DZP  SCF  (0.4  km/mole)  level  of  theory. 
Experience  suggests  that  the  DZ  SCF  results  should  not  be  taken  very 


96 


seriously,  as  polarization  functions  are  mandatory  for  reliable  IR 
intensity  predictions.  Although  the  theoretical  magnitude  (0.4 
km/mole)  of  the  Tin  intensity  is  weak,  the  unusual  simplicity  of  the 
expected  IR  spectrum  may  make  detection  of  this  feature  near  770 
cm-i  possible.  The  one  Ag  and  three  Hg  fundamentals  are  Raman 
allowed,  but  this  is  unlikely  to  be  the  first  experimental  technique 
applied  to  dodecahedral  N20*  To  estimate  the  true  fundamentals,  the 
DZP  SCF  harmonic  vibrational  frequencies  should  be  multiplied  by  a 
factor  close  to  0.9,  as  was  d<me  above  to  obtain  the  Tiu  estimate  of 
770  cm-i. 

In  summary,  several  properties  of  the  hypothetical 
dodecahedral  N20  molecule  have  been  predicted.  The  most  plausible 
experimental  means  for  the  initial  detection  of  this  remarkable 
species  would  appear  to  be  mass  spectrometry.  This  work  also 
suggests  the  possibility  of  dodecahedral  P20t  which  will  be 
thermodynamically  far  more  stable  relative  to  10  P2  (than  N20  is  to 
10  N2)  due  to  the  greater  strength  (~S5  kcal/mole)  of  P>P  single 
bonds  and  smaller  dissociation  energy  (Do  >116  kcal/mole)  of  P2. 


Tabk  1.  Total  and  relative  energies  and  bond  distances  for  dodecahedral  N20. 


EOutrtrees) 

AEe(N2o-  ION2)  kcal/tnole 

MINDCV3 

- 

-406 

1.347 

MNDO 

- 

486 

1.426 

AMI 

- 

1095 

1.484 

Nfinimum  Basis 

STO-3G  SCF 

-1074.28955 

450 

1.506 

DZSCF 

-1087.18536 

1002 

1.486 

DZPSCT 

-1087.94298 

1031 

1.438 

TZ2PSCT 

-1088.08644 

1107 

1.437 

DZPMP2 


-1091.42677 
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Theoictical/Experimental  Investigations  of  the  Structure  and  Dynamics  ^ 
of  Highly  Energetic  Dication  Species 

W.  Carl  Lineb^ger,  Stephen  R.  Leone,  and  Stephen  V.  ONeil 
Joint  Institute  for  Laboratory  Astrophysics 
University  of  Colorado 
Boulder,  Colorado  80309-0440 

Dication  research  at  JILA  continues  along  bodi  experimental  and  theoretical 
explorations.  Doubly  charged  molecular  ions  are  novel  species  with  unique 
energetic  and  bonding  properties.  As  a  dass,  diey  exhibit  high  energy  content,  long 
lifetimes  against  predissodation,  and  bonding  paiinerships  for  which  dtere  are  no 
neutral  analogs.  A  goal  of  this  research  is  to  understand  the  bonding  and  energy 
release  of  these  spedes  in  chemical  transformations. 

Considerable  focus  of  our  recent  work  is  on  the  reactions  and  interactions  of 
dication  spedes  with  rare  gases,  H2,  and  O2.  In  die  laboratory,  molecular  dications 
are  prepared  by  electron  impact  ionization  and  are  mass  selected.  For  reactive 
studies,  the  beam  of  ions  is  crossed  with  a  pulsed  jet  of  neutral  reactants  and  the  ion 
products  are  detected  with  a  timenif-flight  mass  spectrometer.  The  results  of  these 
studies  have  shown  some  remarkable  properties  and  trends,  which  are  important  in 
determining  their  stability,  as  enumerated  below. 

Theoretical  investigations  involve  complete  active  space  self  consistent  field 
(CAS-SCF)  and  multi-reference  configiuation  interaction  (MR-CI)  techniques  to 
investigate  the  stability  of  isolated  dicadon  spedes  and  to  determine  their  reactivity 
with  various  collision  partners. 

We  have  shown  that  the  CAS-SCF  theoretical  methods  are  only  qualitatively 
correct  for  dications.  The  MR-CI  method  combined  with  the  insights  from  the  CAS- 
SCF  are  essential  for  accurate  predictions.  As  an  example,  consider  a  calculation  of 
the  charge  localization  on  the  ion  CF2^'^.  Experimentally,  we  have  found  this  "core" 
ion  to  be  a  particularly  stable  spedes;  it  is  readily  formed  in  high  yield  by  loss  of 
neutral  F  atoms  from  in  collisions.  At  low  levels  of  theory,  the  charge  is 
almost  completely  on  the  carbon,  but  at  the  highest  levels  of  theory  there  is  +1.2 
charge  on  the  carbon  and  +0.4  on  each  of  tiie  fluorine  atoms.  Such  a  result  is  an 
invaluable  aid  to  imderstanding  the  mechanisms  of  the  observed  reactions  in  which 
chemical  bond  breaking  and  forming  occur.  The  core  ion  prindpal  appears  to  be 
quite  general,  having  also  been  observed  experimentally,  in  the  formation  of  SF2^ 
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spedes  from  coUisicms  of  (x=3,4). 

Detailed  studies  of  reactivity  have  now  been  completed  between  COS^'*', 

CF®*’,  CP^,  SFg®'*’,  and  SF^®'*’  with  each  of  the  rare  gases,  betwe^ 
CSDj®^,  CF^,  CF^,  CF^,  SF^*,  SF^^*,  and  SF^®*  with  Dj  and  between  CF®"^  and  CT^®^ 
widi  O2.  The  reactions  are  studied  at  low  enough  oollidon  energies  that  chemical 
bond  transformations  are  observed,  as  well  as  charge  transfer,  collision-induced 
dissociation  and  neutral  loss  chaimds.  New  studies  will  involve  the  reactions  of 
dications  widi  hydrocarbon  molecules. 

A  number  of  important  principals  have  been  elucidated  from  the  reaction 
studies.  Experimentally,  it  is  foimd  that  collision-induced  dissociation  (or 
predissodation)  of  the  dications  does  occur,  espedally  with  the  lighter  rare  gases 
such  as  He  and  Ne.  However,  the  cross  sections  for  these  processes  are  typically 
small,  less  than  1  A®.  Charge  transfer  reactions  have  large  cross  sections,  but  charge 
transfer  is  restricted  to  those  processes  diat  are  intrinsically  exothermic,  i^.  not 
induding  the  collision  energy.  Essentially  charge  transfer  does  not  occur  if  kinetic 
energy  is  required.  This  is  explained  by  simple  Landau  Zener  models  of  the 
collision  process.  In  addition,  the  observed  product  states  of  charge  transfer  obey  a 
rigorous  Landau  2]ener  formalism  in  which  the  potential  curves  must  cross  within 
an  appropriate  small  range  of  distances  in  order  for  reaction  to  occur.  Because  of 
this  mechanism,  the  reactions  are  remarkably  spedHc  in  producing  selected  produd 
spedes  or  states.  Our  MR-CI  calculations  for  CO®'*’  with  Ne  confirm  this  analysis. 

We  have  also  observed  a  Erst  example  of  a  double  charge  transfer  process  with  a 
molecular  dication  in  the  reaction  of  CO®"^  with  Xe. 

Surprisingly,  we  also  detect  major  channels  of  bond  breaking  and  forming  in 
reactions  of  dication  spedes  widi  D2  and  O2.  For  example,  the  reaction  of  CFj®"^  with 
D2  forms  DCF2'*’  in  high  yield,  effectively  competing  with  charge  transfer,  and  the 
reaction  of  CO2®*  with  D2  forms  DCO"^  as  one  of  die  highest  yield  ion  products. 

These  results  are  surprising  in  light  of  the  large  charge  transfer  cross  sections  which 
are  available  in  these  systems.  Evidently,  the  dications  are  able  to  get  dose  enough 
together  to  induce  chemical  bond  transformations,  without  immediate 
predissodation  or  charge  transfer  followed  by  separation  of  products.  The  evidence 
for  neutral  loss  reactions  and  chemical  bond  breaking  and  forming  represent  general 
new  dasses  of  reactions  involving  multiply  charged  ions. 

In  the  near  future,  our  studies  will  also  make  use  of  ultrafast  laser 
spectroscopic  techniques  to  probe  the  dynamics  of  clustered  spedes  relevant  to 
HEDM,  and  corresponding  theoretical  work  will  be  initiated.  An  apparatus  is  being 


developed  to  prepare  mass  selected  oxygen  cluster  ions  with  spedfic  dopant 

molecules  embedded  inside;  the  fragmentation  of  these  cold  cluster  species  and  their 

stability  and  intomal  reactions  will  be  investigated. 
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The  following  areas  were  investigated  during  the  past  year  and  good 
progress  toward  novel  high  energy  density  materials  was  made:  (i) 
nitrogen  pentafluoride;  (ii)  azide  chemistry;  (iii)  polynitrogen 
compounds;  (iv)  tetranitrohydrazine  and  trinitramine;  (v)  oxygen- 
fluorine  exchange  reactions;  and  (vi)  chemistry  at  the  limits  of 
oxidation  and  coordination. 


Nitrogen  pentafluoride  would  be  a  promising  space-storable 
oxidizer  and  its  performance  would  exceed  that  of  N2F4  by  about  40 
seconds.  Since  the  energy  difference  between  covalent  NF5  and  either 
crystallinic  or  solvated  NF4'^F~  is  small,  ^  the  stability  of  NF5  can  be 
examined  by  studying  the  thermal  stability  of  solvated  NF4**'  and  F~  ions 

in  a  suitable  solvent.  The  lowest  melting,  compatible  solvent  previously 
available  was  CH3CN  (mp  -44°C).  It  was  found  that  CHFj  (mp  -155®C)  is 


also  a  compatible  solvent.  This  allowed  to  examine  the  thermal  stability 
of  NF4*F”  at  much  lower  temperature.  It  was  found  that  even  at  -142®C 
NF4'^F‘‘  still  decomposes  to  NF3  and  F2  and,  hence,  is  not  stable  at  this 
temperature  toward  decomposition  to  NF3  and  F2. 


In  the  area  of  azide  chemistry,  a  series  of  stable  salts  of 
protonated  hydrazoic  acid  was  discovered  and  their  structures  were 
determined  by  X-ray  crystallography,  vibrational  spbctroscopy,  a 
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normal  coordinate  analysis  and  local  density  functional  theory 
calculations.  It  was  shown^  that  the  H2N3'^  cation  has  the  asymmetric, 
aminodiazonium  structure,  H2NNN‘^,  and  is  analogous  to  that  of  the 
isoelectronic  cyanamide  molecule,  except  for  its  -NH2  group  being  less 
pyramidal  which  results  in  a  lower  inversion  energy  barrier. 

There  has  been  recently  considerable  interest  in  polynitrogen 
compounds  for  possible  use  as  halogen  free  propellants.  Two  potential 
candidates  for  which  no  previous  references  could  be  found  in  the 

literature  and  which  synthetically  might  be  more  readily  accessible  are 
the  triazidamine  molecule,  N^o,  and  the  diazidamide  anion,  N7~.  Ab  initio 

calculations  at  the  MP-2/6-31G*  level  were  carried  out  by  Harvey 
Michels  and  John  Montgomery  at  UTC  and  show  that  these  compounds 
are  vibrationally  stable  and  exhibit  true  energy  minima.  The  hea»  of 
formation  and  the  barrier  to  decomposition  of  were  calculated  to  be 

303  kcal/mol  and  10.8  kcal/mol,  respectively,  which  makes  the 

expected  stability  of  N^o  comparable  to  that  of  the  known  FN3  molecule. 

Possible  synthetic  routes  to  these  compounds  involve  the  reactions  of 
trimethylsilyl  precursors  with  suitable  halogen  compounds. 

In  the  area  of  nitramines,  tetranitrohydrazine  and  trinitramine 
would  be  attractive  replacements  for  N2O4  as  halogen  free,  earth- 

storable  oxidizers  which  would  result  in  a  performance  improvement  of 
about  15  sec.  Screening  reactions  were  carried  out  to  study  whether 
tetranitrohydrazine  could  be  prepared  by  oxidative  coupling  of  the 

dinitramide  anion  which  was  recently  discovered  by  R.  Schmidt  at  SRI. 
Cyclic  voltametry  of  aqueous  N(N02)2"  solutions  at  a  pH  of  4.3  showed 

an  irreversible  oxidation  peak  at  1.03  volt  versus  Ag/AgCl.  This 


indicates  that  N(NC>2)2~  is  readily  oxidized  but  that  the  resulting  N(N02)2 
radical  is  short-lived  in  aqueous  solution,  and  organic  solvents  will  be 
needed  for  this  coupling  reaction.  We  have  also  explored  the  use  of 
trimethylsilyl  compounds  as  starting  materials  and  studied  the  reaction 
of  N[Si(CH3)3]3  with  FNO2  in  CH3CN  solution  as  a  model.  The  desired 
products,  FSi(CH3)3  and  02NN[Si(CH3)3]2  were  observed,  in  addition  to 
some  02NN(N0)2,  but  the  product  mixture  was  very  complex  and  better 
isolation  and  separation  methods  will  be  needed. 

0'*ygen-fluorine  exchange  reactions  are  being  studied  as  a 
potential  route  to  novel  oxidizers  such  as  CIF5O.  We  expect  CIF5O  to  be  a 

highly  stable  molecule  and  to  be  the  best  earth-storable  oxidizer  with 
an  Ijp  improvement  of  about  10  seconds  over  CIF5.  A  recent  report^  by 
Bougon  that  oxygen  in  OSO4  can  be  exchanged  for  fluorine  by  the  use  of 
KrF2  in  anhydrous  HF  solution  prompted  us  to  repeat  his  experiment.  It 
was  found,  however,  that  the  reaction  product  was  not  OsOF^,  as 
reported  by  Bougon,  but  cis-0s02F4  instead.  To  properly  identify  this 
novel  Os(+VIII)  compound,  its  structure  was  determined  by  electron 
diffraction,  vibrational  and  NMR  spectroscopy,  and  density  functional 
theory  calculations.  Since  the  highest  F  atom  fluxes,  without 
simultaneous  destruction  of  the  desired  product,  can  be  generated  in  a 
hot  wire  reactor,  such  as  reactor  was  designed  and  constructed.  The  hot 
wire  reactor  technology  was  pioneered^  at  the  Kurchatov  Institute  in 
Russia  and  has  primarily  been  used  for  the  synthesis  of  KrF2.  The 

operating  parameters  of  our  reactor  are  presently  being  optimized  using 
the  KrF2  reaction. 


Excellent  progress  was  made  in  the  chemistry  at  the  limits  of 
coordination  and  oxidation.  Our  experimental  work  on  the  problems  of 
heptacoordination  is  essentially  complete  and  the  results  are  in  various 
stages  of  publication.  Two  papers  on  IF7  and  IF^O'  have  already  been 
published^.fi  and  two  more  on  XeF7*  and  TeF7"  and  TeOFa^”  have  been 
accepted  for  publication.  It  is  shown  in  these  papers  that  all 
heptacoordinated  main-group  element  compounds  have  highly 
fluxional,  pentagonal  bipyramidal  structures  with  mainly  covalent,  short 
axial  bonds  and  longer,  semi-ionic  equatorial  bonds.  The  structures  are 
governed  by  the  geometry  of  the  binding  electrons  of  the  central  atom 
and  not,  as  in  the  corresponding  transition  metal  compounds,  by 
repulsion  effects. 
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Abstract 


A  veiy  sharp  spectral  line  was  observed  in  Y>ray  irradiated  pan-H2  crystals  and 
assigned  to  the  pure  vibrational  Raman  type  0l(O)  transition  induced  by  die  electric 

fields  of  charges  in  die  ionued  crystal  The  integrated  intensity  of  the  qiectrum  gives  die 
average  distance  between  charges  to  be -SOOA  and  die  charge  density  to  be -10*^  cin'3. 
The  sharpness  of  die  qieciral  line  is  ascribed  to  the  M  »  0  exdton  naonientinn  rule  vdiidi 
hcJds  approximately  for  die  domains  of  microcrystals  between  charges.  The  induced 
yectnim  is  veiy  stable  and  remains  undiminished  over  many  days  and  over  temperature 
cycles.  A  sequence  events  was  inferred  which  lead  to  the  localization  of  charges  in  die 
form  (rf  km  clusters  H3'*’(H2)n  endH‘(H2)ii. 


PACS  Numbers;  78.30. 78.47. 33.10. 33.20. 42.d2J: 


The  spectroscopic  study  of  ionized  solid  hydrogen  was  initiated  adien  Souers  and 
his  colleagues  studied  infrared  spectra  of  isotopic  solid  hydrogens  containing  tritium  and 
discovered  new  spectral  features  caused  by  the  radioactivity.*  Since  then,  extensive 
studies  on  the  charge  induced  spectrum  have  been  carried  out  by  the  groups  of  Lawrence 
Livermoie,  University  of  Guelph,  and  McMaster  University  using  tritium^  and  IS  MeV 
proton  beams.  Several  induced  features  in  the  infrared*^*  and  ultraviolet^  qiectra  of 
isotopic  qiecies  have  been  interpreted  on  die  basis  of  a  variety  of  physical  effisets  such  as 
the  Stark  shift,^'^  electron  bubbles.^*^  small  polaron  holes.^  interference  effects.***  and 
km  clustering.**  More  recently  Chan  etal.  conducted  similar  experimmts  on  para-Hi 
crystals  using  3  MeV  electron  bombarchnenL*^  *3  Their  results  were  complementary  to 
those  from  previous  infrared  studies  in  that  the  broad  near  infrared  absorption  ascribed  to 
electron  bubbles^*  ^  were  not  observed,  but  many  new  features  ascribed  to  H2  and  ionized 
hydrogenic  species  were  observed.  In  particular,  a  sharp  induced  spectral  line  at  4149.66 
cm**  appeared  to  be  an  excellent  candidate  for  a  high  resolution  spectroscopic  stutfy.*^  *3 
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In  this  pmier  we  iqKXt  our  study  of  this  line  using  the  high  xes(dution  of  laser 
qwctrosoopy.l^*  y-ray  inadiation  is  used  for  radkdysis  because  of  its  effidracy.  ease 

of  operatioo  and  g^wMlity  to  produce  uniform  ioniaation.  Such  radidysis  hu  been 
exiensivdy  used  for  soUd  hydrogen  by  Miyazaki  and  his  colleagues.  TheirESR 
experiments  revealed  interesting  behavkxs  of  hydrogen  atoms  in  solid  hydrogen. 

A  aystal  of  nearty  pure  para  H2  (99.8%  para,  0.2%  ortho)  was  peqiared  in  a 
manner  similar  to  dun  reported  earlier.i^*^'^  The  crystal  was  grown  at  7K  in  a  cylimfaical 
copper  cell  (1.7  cm  in  diameter.  10  cm  long)  by  continuously  flowing  die  convened 
hydrogen  gas  into  die  celL  The  sanqile  was  then  allowed  to  cod  to  4.2K.  The  crystal 
cnntainer  was  irradiated  with  Y-rays  from  a  ^^^Co  source  at  Argonne  Nadonal  Laboratory. 

The  inadiation  ti»ne  was  ~  1  hour  and  die  dose  rate  was  ~  1 M  rad/hour  which  conesponds 
to  "  3  J  X  1017  inniTJirinna  cm*^  in  sdkl  hydrogen.  The  crystal  temperature  was  measured 
to  be  "OK  during  the  irradiation.  Two  hours  after  die  conqiletion  of  die  irradiation,  the 
infrared  spectrum  d  the  crystal  was  observed  in  low  resolution  ("  0.1  cm'l)  using 
BOMEM  DA-2  Fburie  transfonn  spectrometer  and  in  high  resolution  using  either  a 
difference  frequency  laser  systnn  or  a  oto  center  laser  (~  5  MHz).  When  using  the 
difference  frequency  system,  we  also  recorded  the  stinmilated  Raman  gain  qiectruml^  for 
which  the  Ar*-  and  dye  lasers  provided  the  punqi  and  probe  radiations,  respectively.  The 
optical  arrangement  for  the  simultaneous  observation  is  shown  in  Fig.  1. 

A  low  resolution  qiectrum  in  die  regimi  d  the  Qi  (0)  and  Qi  (1)  transitions  before 
and  after  the  J-Jay  inadiation  is  shown  in  Hg.  2.  The  prominent  sharp  induced  feature  at 
4149.66  cm‘1  is  the  subject  d  this  study.  Other  doader  features  observed  in  longer 
wavelengdi  repons  that  have  been  ascribed  to  ionic  clustersl^  will  be  discussed  in  a 
separate  pqier. 

Under  the  high  resolution  d  laser  spectroscopy,  the  j-ray  induced  roectral  line 
was  found  to  be  extremely  sharp  ( Ati  —  ^MHz  hwhm)  and  intense.  Three  experiments 
have  beoi  conducted  over  a  span  of  two  mcHidis.  Two  examples  of  observed  lines  are 


diown  in  Hg.  2.  The  imeasity  and  die  line  sIu^k  varied  depending  on  the  run,  the  probed 
poaition8ofdiectyatal,anddiepalaTizationof  thelaaerfield.  However,  die  pontion  of 
the  saongeat  peak  (4 149.696 cm*  * )  was  found  to  be  very  dose  to  the  position  of  die 
simulaied  Raman  qwctram  of  die  imiooi?edpaia»H2«q>o*tedeariy.**  This  strongly 
suggested  that  diisqiecttal  line  conespoods  10  die  Qi(0)(vb1  4-0,  /  B04-0)pute 
vibrational  tiansitioa  obeying  die  exdion  momemimi  selection  rule  Ak  s  0,  ediidi  is 
induced  by  die  electric  field  of  die  charges  within  die  oystaL  The  electric  field  induced 
spectrum,  as  predicted  by  Coodon,^^  should  obey  the  Raman  ^pe  selection  rules.  The 
spectrum  was  taken  near  the  wall  of  the  container  since  die  crystal  is  opaque  towards  the 
center.  In  such  regions  the  intensi^  of  the  induced  feature  is  maximum  when  the  electric 
field  of  die  radiation  is  nonmd  to  the  walk  The  intensity  is  much  less  udien  die  field  is 
paralld  to  die  wall  indicating  the  uniformity  of  the  charge  induced  electric  field. 

Condon's  fiormula  gives  die  relation  b^ween  the  observed  transmission 
/(v)//o(v)  and  die  average  ekctrk  field  E  as 

where  y(v)  is  the  absorption  coefficient  (cm*!),  aoi  ^>170  x  10*24  gmS)  the  matrix 
ekment  (rf the  isotropic pdatizability  cr^.and  n  (2.61  x  1022 cm*2)  is  die  number 
density  of  H2.  The  observed  values  of  /(v)//o(v)s  0.6  "  0.65  and  the  widdis  of 
160 -•9(X>  MHz  give  die  induced  transition  dipde  moment  d’lfs  00]  Es  0.4  ~1  x  10*^ 
Debye  and  die  average  electric  field  of  7  ~20kV/cm.  This  field  coneqionds  to  die 
average  distance  between  positive  and  negative  dumges  of  -'SOOA  or  "130  Ro  (die 
intermolecular  distance  Rq  *  3.79SA).  The  Stark  sfifft  of  die  spectral  line  is  negligible  at 
this  field  (Av<  0.1  MHz). 

One  surprising  aspect  of  our  observation  is  the  sharpness  d  the  induced  line,  even 
if  we  include  die  acconqianying  structure,  hi  a  paia'H2  crystal,  die  vibratioiud  excitation 
(vibfon)hopsaroundthecrystalsites  withafiequency  of  llGHz  (0.36  cm*i)  and 


fonm  a  Blodi  State^^'  ^  with  a  width  of  3.S  cm**  (the  stroofest  bioad  feature  in  Fig. 
2).  The  shaipnen  of  die  lUman  type  q)ectial  line  results  from  die  excition  (vibron) 
momentum  selection  role  Ak-0  whidi  locates  spectial  line  at  die  lowest  end  of  the 
vihnio  bold  7J23  e' below  die  origin.  In  order  for  this  selection  rale  to  hcdd  rigorously, 
all  molecules  must  have  die  same  transition  moment  and  dieciystai  must  be  peifecL 
Obviousty  both  of  these  conditions  are  vkdaled  in  the  ionized  crystal,  but  the  observed 
shaipnessofthefeatureindicatesdiatdiey  are sdll approximately  satisfied.  Whiles 
proof  of  diis  has  to  await  detailed  dieoretical  treatments,  the  following  send  quantitative 
argument  may  be  given  to  justify  our  intef]netation.  In  the  charge  impregnated  crystal, 
nxdecules  that  are  close  to  a  charge  experience  large  electric  fields  and  dieir  spectral  lines 
are  shifted  many  cm*^  without  forming  a  sharp  fracture.^  However,  the  Stark  Shift 
Av--^a\-ao)^/^^  decreases  nqiidly  as  the  distance  ^  from  charge  to  molecute 

increases  (cri~ao  -  7.0  x  10-^  cm^  is  the  difference  of  die  isotJD|»c  ptdarizaidlify 
between  the  and0states).70  AtR  « IS  Ro.  the  shift  is  calculated  to  be  12  MHz 
well  widiin  the  width  of  die  observed  line.  Although  the  electric  field  is  inhomogeneous, 
there  exists  domains  of  ndcroctystais  within  a  length  of  ~1(X)  Ro  containing  ~  10^ 
molecules  for  which  the  electric  field  and  dius  the  transition  probability  are  cooqiarable. 
The  violation  of  the  Ak^O  because  of  die  finite  size  of  the  mkrocrystal  and  the  resulting 
energy  uncertainfy  txuiy  be  estinaated  from  the  excition  dispersion  relatkNi, 

£a=-7.23c'+^^  (2) 

ZAf 

where  M  s  ~  a.m.u.  is  the  effective  mass  of  the  vibron.^!  The  finite  size 

of  die  microcrystal  with  R  ~  1(X)  Ro  gives  the  momentum  uncertainty  of  hAk  -  h/R 
which  translates  to  the  energy  uncertainty  at  k  ~  0  of  A£ = hVlMR^  ~  1  MHz,  roialler 
than  die  line  width.  Thus  the  microciystal  is  sufficiently  large  to  form  Bloch  state  and 
satisfy  the  qiproximaie  M  -  0  rule. 

The  charge  induced  signal  is  very  stable.  It  lasts  several  days  without  a  sign  d 
decrease.  When  the  crystal  tenqiCTature  was  varied  from  4.2  K  to  near  the  triple  point  the 


porition  of  the  iaduced  spectrum  nx>ved  -3  GHz  towards  higher  fiequency  due  to  die 
eiqMuision  of  the  aystal  and  the  resulting  lowering  of  the  vibion  howling  rate  s'.  When 


die  temperature  was  lowered  back  to  4^  K  the  intensi^  ot  the  signal  was  iqipioxiinately 
equal  to  diat  befom  the  hpating  indicating  die  amazing  stability  of  die  charge  distribution. 
When  die  crystal  wu  melted  above  the  triple  point,  the  femure  dis^ipeared. 

Baaed  on  diese  obaervadons.  it  ia  infened  duu  the  fcdlowing  sequence  of  events 
occur  in  die  crystal  Rrst  the  1.17  MeV  and  1.33  MeV  y-rays  ionize  H2  duou^ 
Compton  acattoing.  The  cross  section  for  diis  inocess  can  be  estimated  accurately^  to 
be  2.2  X 10-2S  ciii2  and  thus  the  mean  free  padi  (tf  y-ray  in  solid  H2  is  ~lm  v^iile  it  is 


~2cm  in  the  Cu  container.  The  scattered  electrons  have  energies  of  a  fraction  ttfMeV 
and  diey  inidate  cascades  ionizadons  whkh  stop  after  a  few  mm-24  Altogedier 
iq^aoxinaatBly  3J  x  10^'^  cm*3  of  ionizadons  occur  in  the  crystal  The  ion  density  is 


hitter  near  die  wall  of  die  container  because  of  die  hi{ber  rate  of  Compton  scattering  in 
Cu.  This  and  the  absorption  of  electrons  by  Cu  causes  the  observed  alignment  of  the 


etoctric  field  nonoal  to  the  wall.  The  electron  bombardment  also  generates  copious 
amounts  (rfhydrogra  atoms  which  move  through  the  crystal  and  setde  in  subsdtutional 
sites  as  shown  by  Miyazaki  et  al.^  The  observed  charge  density  ttf"!  x  lOl^cm*^ 


indicates  diat  most  of  die  electrons  recombine  with  positive  ions  but  iqipioximately  3% 
get  stabilized  and  localized  in  the  crystal  We  believe  that  they  are  localized  on  hydrogen 


atoms  in  the  form  of  H*.  H*  attracts  surrounding  H2  and  is  sttibilized  in  the  form  of  ion 
clusien  H‘Gl2)a*  While  such  cluster  ions  are  thermodynamically  unstable  when  zero 
point  vibradmis  ate  taken  into  account^  and  have  never  been  obsened  in  gaseous  phase, 
they  have  a  binding  energy  of  several  kcalAnol^  ^  The  H2'''  ums  react  widi 
neighb(xingH2tofocmH3''’  andH^l  The  latter  takes  much  of  die  exotbetmicity  of  1.7 
eV  and  flies  apart  The  stable  H3'*’  attracts  neighbming  H2  and  is  stabilized  in  the  form  of 
ion  cluster  H3'*’(H2)b.^  The  long  lifedme  of  the  charge  induced  signal  demonstrates  that 
(Mice  stabilized,  die  positive  and  negative  clusto*  i(Mis  remain  localized. 
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We  believe  that  dtis  intense  and  well  defined  spectium  with  its  long  life  time  may 
be  used  to  monitar  production,  annihilation,  and  transfer  (tf  charges  in  the  crystal. 
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lad^ysis  and  the  help  of  A.  Suiitnickas  and  A.  Trifunac  of  tihe  Argonne  National 
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Figure  Captions 


Figure  1. 

Ai^Nuratus  for  the  simultaneous  specin>scq>y  of  the  infirared  and  Raman 
transitions.  The  nonlinearity  of  UNbOs  is  used  for  the  former  and  that  of  solid  H2  is 
used  for  the  latter.  D.M.  stands  for  dichrore  minor. 


Figure  2. 

Low  resolution  ('<0.1  cm**)  spectrum  of  para-H2  crystal  before  and  after  the  y- 
ray  iiradiaticm  using  a  BOMEM  DA-2  FTIR  spectrometer.  Arrow  shows  the  sharp 
induced  feature  which  is  the  subject  of  this  p^)er. 


HgureS. 

Two  typical  examples  of  the  y-ray  induced  spectral  line  under  high  resolution. 
Trace  A  was  recorded  by  the  difference  ftequency  system.  The  position  of  the  absoiptitm 
maximum  agrees  well  with  that  of  the  Qi(0)  Raman  line  of  unionized  crystal.  The 
stroctute  accompanying  die  strongest  line  has  not  been  understood  but  is  likely  caused  by 
crystal  inqietfections.  Trace  P  was  recorded  by  a  color  center  laser  on  a  different  run  of 
the  y-ray  radiolysis.  Both  traces  were  recorded  at  the  positions  of  the  crystals  close  to 
the  wall.  Upper  traces  are  for  laser  electric  field  normal  at  the  wall  while  the  lowo'  traces 
are  for  parallel. 
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The  Remarkable  Phase  Line  of  Orientational  Order 
in  Solid  HD  at  High  Pressure* 

Isaac  F.  Silvera 


Lyman  Laboratocy  of  Physics*  Hanrard  University,  Cambridge,  MA 

We  have  studied  molecular  HD  as  a  fimcdon  of  pressure  to  120  GPa  and  to  liquid  heUum 
temperatures.  Using  Raman  scattering,  bodi  the  rott»s  and  vibrcms  were  (4)saved.  From 
dianges  in  the  hecpencies  or  Uneshapes  we  traced  out  the  critical  line  for  orientadcaud 
Older.  This  phase  line  has  an  unusual  reentrant  behavior  so  dutt  as  ten^)eratnre  is 
increased  die  crystal  grm  from  a  state  of  being  unoidered  to  order  to  duorder,  very  much 
unlikB  die  analog  transitkm  in  hydros  or  deuterium.  We  explain  the  unusual  behavior  in 
tenns  of  the  thermal  pt^uladon  of  bra  even  and  oddrotadonid  states. 


In  die  quest  for  metallic  hydrogen  it  has  been  recognized  that  the  oiientatkxud  mder  of 
die  mcdecules  plays  a  crucial  role  as  ^  ciidcal  pressure  for  metallizatkm  should  dqiend  on 
the  Older  [1].  It  is  thus  crucial  to  understand  orientadonal  order  of  hydrogen  and  its  isotopes 
at  h^  pressure.  HD  is  different  firom  dre  homcMiuclear  diatomic  hydrogen  isotopes  in  diat  the 
nucld  are  not  idendcal  and  idendcal  panicle  properties  of  quimtum  mechanics  such  as  the 
ortho-para  classificadon  do  not  apply.  At  low  pressure  the  orientadonal  distribudmis  of  the 
molecvdes  are  well  described  by  the  free  rotor  rotational  states,  the  ^herical  harmra^  with 
rotadonal  quantum  numbers  J,  Mj.  As  a  result  the  even  and  o^  rotadtmal  states  are  generally 
in  thermodynamic  equilibnurrL  This  is  in  contrast  with  H2  ot  D2  where  the  relaxadon  (or 
ctmversion)  between  even  and  odd  rotadonal  sates  is  strongly  fmhidden,  so  that  die  ordio- 
para  ccmcentradons  are  locked  in  widi  time  constants  for  c^ge  of  order  hours  to  days  (ortho 
hydro^  and  para  deuterium  have  odd  rotadmial  states,  whereas  para  hydrogen  and  onto 
deutenum  have  even  states) .  Due  to  die  large  rotation^  energies  at  low  tenqieratures  die  only 
irnponant  states  that  can  be  diermally  populated  are  J^O  and  1.  Pure  J^l  solids  have  an 
orientadonal  order  transition  at  a  few  Agrees  Kelvin,  whereas  the  JsO  species  do  not  order  as 
they  are  in  spherically  symmetric  states. 

At  very  high  pressures  para-H2  arul  ortho-D2  (described  by  J^O  states  at  low  pressure) 
also  order  as  the  molecular  states  are  disumed  when  tto  anisotropic  interactions  become  of  die 
order  of  the  splitting  between  rotadonal  states;  in  this  case  J  is  no  longer  a  good  quantum 
number.  This  is  called  the  broken  sytrunetry  phase  (BSP)  transition  and  has  been  observed  in 
both  hydrogen  and  deuterium  at  pressures  of  1 10  G)^  [2]and  28  GPa  [3],  respectively.  The 
transidtxi  is  a  quantum  transition  occurring  at  T=0  K;  the  critical  temperiuure  increases  with 
inraasing  pressure  as  the  anisooopic  interactions  grow;  however  we  note  that  as  T  increases 
the  ortho-para  concentration  remains  fixed  because  conversion  is  slow. 

We  have  studied  the  BSP  transition  in  HD  and  find  the  critical  pressure  Pc  at  T^OK  to 
be  just  under  70  GPa.  Our  measurements  were  carried  out  in  a  diamond  anvil  cell  (D  AQ 
fira  liquid  helium  temperatures  and  higher  and  terminated  at  a  prosure  of  120  GPa  due  to 
catastrophic  failure  of  ti?e  rii&mond  an^.  The  DAC  was  placed  into  a  cryostat  and  HD  gas 
was  cryogenically  loaded  in  the  liquid  state  into  the  DAC  and  pressurized  to  form  solid  IB3. 
The  DAC,  cryostat  and  cryogenic  loading  techi^ue  are  described  elsewhere  [4].  Using 
Raman  scattering  we  have  observed  Ran^  active  vibrons  and  roton  modes.  From  changes  m 
disetmtinuities  in  the  observed  properties  of  these  modes  we  were  able  to  determme  the 
critical  line  for  orientatirad  taito. 

The  pressure  dependence  of  the  transition  temperature  has  the  unexpected 


*This  work  was  carried  out  in  collaboration  with  Fred  Moshary  and  Nancy  Chang. 
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Hgure  1.  A  tenq)etature-preKtiie  plot  showing  the  phase  diagram  of  sdid 
K)  with  Ae  line  for  orientational  order .  The  symbols  show  the  laser  power 
diat  was  used  for  mairing  measurements  in  different  parts  of  die  phase 
diagram. 

and  unusual  bdiavior  that  the  cridcal  temperature  increases  as  the  pressure  is  decreased  from 
Pc  and  dien  rises  widi  increasing  pressure,  so  that  the  phase  line  is  in  the  shape  of  a 
boomerang,  as  shown  in  figure  1.  Restated,  for  a  range  of  pressures  below  Pc,  as  the 
temperature  is  increased  at  fixed  pressure,  HD  goes  a  symmetric  or  disordered  phase  to 

an  ordered  phase  and  then  at  higher  temperature  to  a  disordered  phase.  This  reentrant 
behavior  can  be  understood  in  terms  of  Ae  peculating  of  the  molecules  into  the  Jsl  states 
with  increasing  temperature. 

In  mder  to  understand  this  transition  we  appeal  to  a  qualitative  understanding  of 
orioitatinial  order  On  hydrogen)  as  a  function  of  ortho>pna  concratration.  For  pure  ortho, 
the  ccmcentration  of  J^l  moleoiles  is  €=1  and  the  transition  tencerature  at  zero  pressure  is 
3.8K.  SUvera  and  Jochemsen  [5]  fewnd  that  Xe  increased  rapidly  as  pressure  increased  and 
essentially  followed  the  increase  in  the  strength  of  the  anisotrc^c  interaction  which  at  low 
pressure  is  mainly  due  to  electric  quadrupole  (EQ)  quadn^le  interactions.  Thus,  one  expects 
a  rapidly  rising  phase  line  in  a  plot  of  T  vs  P.  Now  at  a  given  density,  as  the  ortho  molecules 
are  replaced  wiA  para  molecutes  die  interaction  is  dilutd  as  ortho  molecules  bare  EQ 
moments  and  die  para  molecules  do  not  Thus,  at  zero-pressure,  the  critical  tencerature  falls 
off  with  decreasing  C  and  goes  to  zero  at  Ccrit=0.56,  the  percolation  concentration  [6].  In  a 
study  fOT  pressures  less  than  1  GPa,  it  was  foi^  that  the  critical  concentration  deoeases  with 
increasing  pressure  [5].  In  fact  we  know  that  this  most  be  the  case,  since  for  P^l  10  GPa, 
C^t=0.  We  note  that  if  the  anisotrt^c  interactions  remained  pore  EQQ  and  para  molecules 
were  inert  and  did  not  participate  in  the  anisotropic  interactions,  then  the  criti^  cmicentration 
would  be  a  geometric  quanti^  and  would  be  independent  of  density. 

"i^th  die  above  description  it  is  clear  that  there  must  be  a  phase  line  for  every  ortho 
concentration  and  ttot  diese  must  be  bounded  by  die  ones  for  €»!  and  C=0.  We  can  now 
underhand  the  behavior  for  HD.  AtT=0K,  C=0  and  we  observe  that  BSP  transition  at  69 
GPa.  However,  as  die  tempmture  is  raised,  Jsl  states  are  thermally  populated  so  that  C 
increases.  As  a  result,  die  critical  pressure  actually  decreases  because  the  larger  C  the  lower 
the  critical  pressure  for  ordering.  For  a  given  pressure  below  the  critical  pressure  for  C=l,  as 
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tenqMnnne  is  incxeased*  the  sdid  goes  bom  the  symmetric  un^eied  state  into  an  ordered 
ffyiy;  with  increasing  temperature,  evratually  the  system  disorders.  However,  at 
sufBdeady  low  ptessure  die  combination  oi  interaction  strength  and  concratradm  will  be 
iiiqiifirigfit  to  result  in  orientational  order.  Thus,  it  is  now  clear  how  the  transiticMi  line  does 
not  reach  down  to  KID  pressure  and  we  can  undostand  the  strange  reentrant  phase  line  of  HD 
with  die  shi^  of  a  boomerang. 
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ABSTRACT 

We  r^Kirt  on  the  progress  of  our  experiments  on  die  tnqiping  of  light  metal  atoms  and 
small  clusters  in  ayogenic  rare  gas  and  hydrogen  matrices.  A  major  disappointment  has  been  our 
inability  to  inqiove  on  our  prehminaiy  data  demonstrating  the  trapping  (rf*  B  and  A1  atoms  in  sedid 
hydrogen,  as  rqiQtted  at  last  year’s  contractors'  conference.  We  believe  that  this  situation  is  due 
to  our  failure  to  rquoduce  the  necessary  matrix  dqxisition  conditions  in  our  new  eiqietimental 
iqiparatus.  We  are  presoidy  in  the  process  of  systematically  varying  die  experimental  parameters 
(e.g.:  deposition  substrate  terrqienture,  matrix  host  gas  flow  rate,  abladon  laser  fluence  and 
repetition  rate,  experimental  geometry,  etc.)  in  order  to  optimize  the  goiention  ai  isdated  B  and 
A1  atoms.  We  ate  also  investigating  the  possibility  that  the  original  data  were  due  to  some  matrix 
contaminant,  or  odier  ^nirious  cause. 

Nonetheless,  we  have  been  aUe  to  make  some  progress  on  the  understanding  oi  the 
^lectroscopy  of  matrix  isolated  B  atoms.  Careful  inspection  of  our  extensive  data  from  B/Ne  and 
B/Ar  matrices  has  prompted  us  to  consider  the  possibility  that  the  accepted  literature  assignmoits 
may  be  incmrecL  We  are  building  a  case  for  die  reassignment  of  the  B  atom  matrix  absorptions, 
observed  in  the  200  to  220  nm  region,  to  the  2s^2p(2P)->2s2p2(2D)  transition,  instead  of  the 
general^  accepted  2s22p(2P)-«2s^s(2S)  transitimi.  This  teassignmmt  would  better  explain  die 
observed  qiectral  flirtings  and  matrix  dependent  shifts,  however  at  the  expense  of  accepting  the 
absence  of  dte  (^)>-K^S)  Hydberg”  transition  in  these  spectra. 

We  have  also  just  recently  coiqileted  very  preliminary  infrared  absorption  experimoits  on 
B/H2,  B/Dj,  A1/H2,  and  Al/Dj  matrices  vliich  indicate  the  formation  of  metal  hydride  products. 
These  eiqieiimaits,  along  with  our  measurements  of  the  propoties  of  laser  ablated  B  and  Al 
plumes  in  a  separate  apparatus,  suggest  that  alternative  naetal  atom  sources  may  be  required  to 
reduce  die  loss  of  metal  atoms  due  to  reactions  widi  die  hydrogen  matrix  host 


EXPERIMENTAL 


The  ejqicriineniriiedmiqiifti  have  been  Imported  previouriy^'^ttid  will  be  described  here 
onlybriefty.  R«e  gas  loBds  doped  with  boron  or  iluminumiinpuritics  were  peqpered  in  t  closed 
q«ie  cnioeatt  by  co-oondensing  a  slow  flow  of  the  me  ps,  along  widi  die  products  of  a  laser 
ablaied  boron  or  alummnmidiBne,  onto  a  dun  sapphire  window  cocded  to  10  K.  Similarsolid 
hydrogen  or  deuterium  matiioes  were  prepared  in  a  liquid  helium  OHe)  transfer,  and  in  a  IHe  bath 
ciyoatat,  at  substrate  temperatures  between  2  and  5  K.  The  ablated  {dume  was  generated  by 
focusing  die  output  of  a  XeQ  excimer  laser  (308  nm)  onto  a  rotating  disk  of  die  target  material; 
(ypicalincidentlaaerintensities  were  of  order  10*  WAem^.  The  rate  of  dqwsition  of  die  matrix 
gas  was  monilored  by  bade  reflection  interference  using  a  HeNe  laser.  UV/vis  transmission 
qiectra  of  the  matiioes  were  obtained  using  a  SO  W  deuterium  lamp,  a  10  W  quaitz-ludogen  lamp, 
and  an  optical  muhiduuinel  analyzer  (QMA)  equipped  with  an  unintensified  silicon  idiotodiode 
array.  Simultaneous  UV/vis  and  infrared  (4700  to  7S0cnr>r^ion)  absorption  qiectrattf  samples 
dqiosited  on  a  coofed  BaF2  substrate  were  obtained  incorporating  into  the  setup  a  Fourier 
Iriuisfonn  infrared  (FTIR)  spectrometer  operued  at  0.5  enr*  resolution. 

RESULTS  AND  DISCUSSION 

Hgure  1  shows  the  transmission  qiectnimtrf  an  as-dqwsitedB/Ar  matrix  at  T»  10  K. 

The  peaks  near  206  and  213  nm  have  been  previously  assigned  to  isolated  B  atoms^  in  particular 
to  the  2s^p(*P)->2s*3s(*S)  transitkxiri  which  sppem  near  249.7  nm  in  the  gas  iduue'^.  The 
appearance  of  two  peaks  "is  not  understood,"^  but  was  presumed  to  be  due  to  mqqiing  of  B 
atoms  in  two  distinct  sets  of  sites  in  the  Ar  matrices.  However,  the  insert  to  figure  1  shows  a 
strong  linear  correlation  between  die  integrated  intensides  of  the  208  and  213  nm  peaks,  in  data 
taken  from  37  plectra  of  five  dififerendyprqxued  and  annealed  sanqiles.  We  imeipret  this 
posidve  correlation  to  mean  duu  both  absor^Mions  originate  from  B  amms  in  a  sin^e  type  of 
trapping  site.  Furthermore,  theoretical  simulations  of  the  optical  absorption  lineshape  for  the 
(^0-K^S)  B  atom  transidon  in  sedid  Ar  failed  to  rqnoduce  the  observed  doublet  structure*. 

Thus,  we  propose  that  the  B  atom  matrix  absorpdons,  observed  in  the  200  to  220  nm  region,  be 
reassigned  to  the  2s^2;p(^y-*2s2pH^)  transidon  which  appears  near  209.0  nm  in  the  gas  phased. 
Hiis  asrignmrat  would  eiqilain  die  {uesence  of  multiple  absorptkm  peaks  as  due  to  the  splitting  of 
the  de^neracy  of  die  ^  occited  state  by  the  matrix  environmoiL  We  do  not,  however,  as  yet 
understand  die  fate  of  die  2s^p(^)->2s23s(2S)  tranridem,  and  are  examining  the  literature  of 
Rydberg  transitions  in  matrices  for  possiUe  explanations. 


Hglire  2  shows  the  txinsmisaon  spectrum  of  an  as<dq)osited  B/Hj  matrix  at  T  «  3  K. 
ohoined  using  our  new  IHe  bath  cryostat  The  weak  absocptions  near  209  and  216  nm 
oocv^xmd  to  die  B  atom  absoqrtkn  features  rqxvted  at  last  year's  contractors' conference  (then 
at  211  and  218  run).  We  have  improved  our  optical  setup  since  obtaining  those  preliminaty 
results,  in  particular  we  can  now  record  and  correctly  wavelength  calibrate  UV  absorption  qiectra 
toabootl85nnt  Unfortunately,  the  qiectrum  in  figure  2  rqvesents  our  bmt  UV  absorption  data 
of  the  B/H2  system,  obtained  firom  our  new  eiqieiimental  apparatus  in  over  a  doaen  dqxjsition 
attempts.  We  have  not  yet  teamed  how  to  deposit  matrices  to  rcliaMy  produce  diese  purported  B 
aum  and  again  cautU>H  the  reader  to  areat  these  results  as  preliminary  mdsdSi 

subject  to  skqtticistn.  We  ate  currendy  re-evaluating  our  experimental  techniques,  and  ate 
considering  the  use  alternate  B  atom  sources  (vide  infra). 

Hgure  3  shows  absorption  qrectra  of  as  dqxisited  Al/Dj  (traces  a  and  b,  peaks  near 
328  nm)  and  AVHj  (traces  c  and  d,  peaks  near  331  nm)  nuttrices.  We  believe  diese  features  nuty 
coneqxmd  to  die  338  nm  absorpdon  observed  in  Al/Ar  matrices^  and  previously  assigned  to 
the  A1  atom  3p->4s  transition  (2^  •  394  nm).  Our  confktence  in  diese  alumiiuim  atom 
eiqierinaents  is  higher  than  in  our  B/H2  eiqieriments;  we  will  soon  perform  laser  induced 
fluorescence  eiqieriments  on  these  sarxqiles  and  measure  the  emission  decay  lifetime  as  an 
additjorml  chedtofour  assignment  to  an  A1  atom  transition. 

We  have  previously  discussed  in  detail  our  model  of  the  matrix  deposition  process,  and  the 
supposed  atomic  isolation  advantages  of  laser  ablation  metal  atom  sources**^.  However,  die 
irrylantation  of  fast  (typically  1  to  20  eV  kinetic  eiiergy*^^^)  metal  atoms  into  Hj  and  D2  matrices 
raises  the  possibility  (rfteacdons  between  the  mdecular  host  and  the  fast  metal  atoms.  Inorderto 
check  this  possitnHty,  we  performed  infrared  (IR)  absorpdon  experiments  on  B/Hj,  B/Dj,  AI/H2, 
arxi  AUD2  matrices  deposited  by  the  laser  aUadon  technique.  Hgure  4a  shows  a  portion  of  the  IR 
absorption  plectrum  of  a  B/H2  nuurix,  figure  4b  shows  the  corresponding  H=>D  isoiopically 
shifted  region  in  a  B/Dj  matrix.  We  assign  the  two  sharp  peaks  in  each  spectrum  to  the  Vj7 
vibration  of  the  four  trutjor  isott^xxners  of  based  on  the  known  gas  phase 

qiecttum*'^,  and  calculated'*  intensities  and  isotqiic  shifts.  The  broad  feature  just  to  the  red  of 
diese  peaks  survives  warmups  to  tenqietatures  which  cause  the  complete  sublimation  of  the  host 
matrix  gas,  hence  we  assign  this  feature  to  some  B^  pdymeric  matoial.  We  also  observed 
several  absorption  features  in  our  aluminum  experiments,  however  our  arudysis  of  this  data  is  very 
imtative  and  is  based  on  an  incooqitete  examination  of  the  literature  of  aluminum  hydrides'^^, 
oxides,  and  hydroxides.  WesumnaarizeallofourlRdata  and  assignments  below  in  Table  I. 


CONCLUSIONS  AND  FUTURE  DIRECTIONS 


We  bdieve  Aat  we  miy  have  sucoesshiUy  iscdated  B  and  A1  attxm  in  H2  and  D2 
matricw,  however  we  are  still  seeking  conclusive  evidence  for  fliis  claim.  Future  expenmmts 
along  this  ttack  win  include  UP  of  A1  doped  matrices,  as  well  as  the  use  (rf  a  diennal  B  atom 
aomoe  in  hopes  of  reducing  the  extent  of  reactions  between  die  B  atoms  and  die  host  matrix  gas 
molecules.  We  have  detected  metal  hydride  reactioo  products  in  our  matrices  via  IR  absorption 
and  win  cootmue  to  pursue  diis  diagnostic  technique  during  future  matrix  dqiosition  experiments. 
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Note:  no  M,Oy  or  qiecies  included  in  analysis  of  band  assignments. 


B/H2 


B/D2 


A1/H2 


A1/D2 


2604w.2510w.  1169.7m 

B2H6Vg.V,«,  v„ 

1598.4s,  1596.2s 

B2H(  V|7  isotopomeis 

(ovolanped  by  H2O) 

lS89s,br 

328Sw,br,  316Sm,br 

2343.7m 

COj 

1988w,  1842m,br 

1970w,br,  1766w 

? 

1597.1m 

H2O 

1197.3s,  1194.0s 

B2D£  V]7  isotopmners 

1190s,br 

BA 

4503w,br,  4152w,br 

H2S,^(0)andQ,^(0) 

2344.8W 

CO2 

1889m,  1884.3s 

?site 

1825m,  1822.0s,  1790w,  1787.8m 

AIH2  V3,  V|  (?)  site  pairs 

1611.0s,  1599.9s 

AlH  (?)  site 

1838tv,br,  1409w,  1268w 

7 

3735w,  1597.0m 

HjO 

3286m,br,  3166m,br 

®2  S|^(0) 

3055w,br,  2985w,  2772m 

? 

2343.7m,bluc 

CO2  +  aggregates 

1604w,  1597.0m 

H2O 

1404w,  1379w,  137  Iw 

7 

1337.6m,  1293w 

AID2V3,  V,  (?) 

1173.5W,  1163.5m 
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Figure  1 

B/Ar  transmission  spectrum,  T=10K 


igure2  b/H2  raw  data 
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Abstract 

Quantum  mechanical  studies  of  a  lithium  impurity  in  solid  para- 
hydrogen  and  ortho-deuterium  have  been  performed  using  the  path 
integral  formulation  of  statistical  mechanics.  Since  an  isolated  lithium 
atom  is  much  larger  than  the  host  molecules,  trapping  sites  consisting 
of  from  one  to  six  vacancies  have  been  investigated.  Interestingly,  all  of 
the  sites  are  comparable  in  energy.  This  is  due  to  the  large  compress¬ 
ibility  of  pora-hydrogen  and  ortho-deuterium  solids,  which  permits 
the  lattice  to  relax  to  comfortably  accommodate  the  impurity.  The 
inhomogeneously  broadened  dipole  spectrum  of  the  lithium  impurity 
in  the  various  sites  was  calculated  using  the  Radial  Fast  Fourier  Trans¬ 
form  Lanczos  method  and  compared  to  experiments  by  Fajardo  [  J. 
Chem.  Phys.  98,  110  (1993)].  Based  on  the  present  calculations, 
lithium  atoms  appear  to  occupy  preferentially  a  three-vacancy  trap¬ 
ping  site  in  para-hydrogen  while  in  ortho-deuterium  a  four-vacancy 
trapping  site  seems  to  be  favored.  Complementary  variational  Ein¬ 
stein  model  calculations  predict  that  the  four-vacancy  trapping  site  is 
favorable  in  both  para-hydrogen  and  in  ortho-deuterium. 

'Paper  presented  at  the  Air  Force  High  Energy  Density  Materials  Contractors  Confer¬ 
ence,  Woo^  Mole  Center  of  the  National  Academy  of  Sciences,  June  6-8,  1993. 
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1  Introduction 


Recent  experiments  [1,  2]  have  demonstrated  that  a  low  concentration  of 
lithium  atoms  can  be  metastably  trapped  in  both  solid  Ha  and  Da  in  the 
temperature  range  T  <  hK.  This  is  of  interest  because  the  ability  of  hydro¬ 
gen  to  act  as  a  rocket  fuel  might  be  significantly  enhanced  if  small  quantities 
of  such  light  impurities  are  introduced  into  the  system[3].  In  order  to  better 
understand  the  properties  of  such  metastable  quantum  “alloys”,  it  is  impor¬ 
tant  to  first  characterize  the  trapping  site/sites  of  individual  lithiiun  atoms 
in  this  solid  matrix. 

Previous  experimental  studies  of  impurities  in  host  matrices  have  focused 
on  both  mixed  rare  gas  systems  and  metallic  impurities  in  otherwise  neat 
rare  gases  [4,  5,  6].  Unfortunately,  experimental  measurements  alone  are  in¬ 
sufficient  to  uniquely  determine  the  trapping  site/sites.  For  example,  the 
electronic  spectra  of  the  lithiiun  impurities  in  para-hydrogen  and  ortho- 
deuterixun  have  been  measured.  The  spectra  consist  of  a  doublet  and  a 
“shoulder”  which  is  located  at  higher  energy  than  the  main  peak  [1,2].  This 
information,  at  best,  indicates  the  rough  symmetry  of  the  site.  In  order  to 
more  precisely  determine  the  natiue  of  the  site,  it  is  necessary  to  predict  the 
spectral  line-shifts  and  line  shapes  of  the  impurity  on  the  basis  of  theoretical 
calculations.  This  approach  has  been  successfully  used  to  interpret  the  older 
experimental  work  mentioned  above  [4,  7,  8,  9, 10,  11, 12). 

In  this  paper,  the  microscopic  model  of  the  lithium-para-hydrogen/  ortho- 
deuterium  system  developed  elsewhere  [13]  is  applied  to  the  present  problem. 
The  results  of  quantum  mechanical  Constant  Pressure  Path  Integral  Monte 
Carlo  (CP-PIMC)  calculations  are  presented  for  a  single  lithium  impurity  in 
solid  para-hydrogen/orfAo-deuterium  lattices  in  sites  with  different  numbers 
of  bound  vacancies,  Structural  and  energetic  comparisons  are  made  to  a 
quantum  Einstein  model  [14].  The  resulting  configurations  from  the  Monte 
Carlo  runs  are,  then,  used  to  calculate  the  electronic  spectra  of  lithium  atoms 
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in  the  various  sites.  A  comparison  with  experiment  [1,  2]  suggests  that  a 
three-vacancy  site  is  the  dominant  structure  observed  in  the  para-hydrogen 
system  while  a  four-vacancy  site  is  appropriate  to  the  ortho-deuterium  sys¬ 
tem.  C!ompiementary  calculations  are  performed  using  a  variational  quantum 
Einstein  model  for  selected  trapping  sites.  Based  on  free  energy  considera¬ 
tions  it  is  shown  that  the  Einstein  model  favors  the  four- vacancy  site  in  both 
para-hydrogen  and  in  ortho-deuterium. 

2  Electronic  Spectrum 

Inhomogeneously  broadened  dipole  spectra  of  an  isolated  lithium  atom  trapped 
in  various  vacancy  sites  (see  Fig.  1)  in  solid  para-hydrogen/ortho-deuterium 
have  been  calculated.  This  was  accomplished  by  taking  equilibrium  configu¬ 
rations  from  the  CP-PIMC  runs,  replacing  the  lithium  atom  by  an  electron 
and  a  lithium  ion  and  determining  the  electronic  states  using  the  Radial  Fast 
Fourier  Lanczos  Method  described  elsewhere  [13].  This  approach  accounts 
for  the  zero-point  motion  and  thermal  effects  present  in  the  system  (13). 

In  Fig.  2,  dipole  spectra  of  isolated  lithium  atoms  in  solid  para-hydrogen 
are  presented  and  compared  to  experiment.  For  small  n^,  the  first  peak  is 
shifted  well  to  the  blue  compared  to  experiment.  We  notice  a  split  first  peak 
for  Hv  =  1, 2  and  4  in  Fig.  2(a)  and  (b).  The  calculated  splitting,  which  seems 
to  be  reproducible,  is  not  seen  in  the  experimental  spectrum.  For  the  larger 
vacancy  sizes  studied,  rtv  =  5  and  6,  the  dipole  spectrum  resembles  that 
obtained  in  the  liquid  at  T  =  141^.  The  spectral  widths  for  riv  =  5  and  6  are 
narrower  than  those  of  the  smaller  trapping  sites.  Based  on  the  overall  shape 
and  width,  the  three  vacancy  trapping  site  seems  to  give  the  best  correlation 
with  the  experiments  [2].  However,  the  high  energy  tail  of  the  experimental 
spectrum  is  absent  in  all  the  calculations.  The  “average”  energy  of  this  tail 
region  suggests  that  it  may  in  fact  be  caused  by  a  rotational  FVanck-Condon 
transition;  such  effects  have  been  neglected  in  our  simulation. 
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Fig.  1:  A  schematic  representation  of  possible  trapping  sites  for  a  lithium 
atom  an  ideal  HCP  lattice.  The  trapping  sites  are  constructed  by  removing 
the  desired  number  of  molecules,  labeled  1  to  6,  and  placing  the  lithium  atom 
in  a  lattice  site  (n^  =  1)  or  at  an  interstitial  site  (nv  =  2^6).  For  example, 
for  Uv  =  2  the  midpoint  between  lattice  points  1  and  2  was  used  and  for 
n„  =  3,  the  center  of  the  triangle  formed  by  removing  the  molecules  1, 2  and 
3. 


4  E  /  eV 


Fig.  2:  The  dipole  spectrum  of  a  lithium  atom  in  solid  para-hydrogen  at 
T  =  AK  and  Paxt  =  0  compared  to  experiment  (bold  curve)  from  Ref.  [1]: 
(a)  n„  =  1  (dotted)  and  n«  =  2  (dashed)  (b)  n,  =:  3  (dotted)  and  n„  =  4 
(dashed)  (c)  n,  s  5  (dotted),  ?iv  =  6  (dashed)  and  the  spectrum  in  the  low 
temperature  liquid  (T=:14K). 
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In  Fig.  3  the  analogoiu  dipole  spectre  for  a  lithium  impurity  in  solid 
ortho-deuterium  ere  presented.  The  n«  =  3  site  hes  the  second  peek/shoulder 
shifted  to  the  blue  and  an  incorrect  peak-to-peak  ratio,  in  comparison  with 
experiment.  Hie  n«  s  5  site  has  a  split  first  peak,  which  renders  it  less 
favorable.  The  four-vacancy  trapping  site  seems  to  give  the  best  agreement 
with  the  experimental  results  [2]. 

3  Conclusion 

Constant  Pressure  Path  Integral  Monte  Carlo  calculations  have  been  per¬ 
form  for  a  single  lithium  impurity  in  solid  para-hydrogen  and  solid  ortho¬ 
deuterium  for  a  variety  of  different  trapping  sites.  The  large  compressibility 
of  para-hydrogen/ortho-deuterium  solids  allows  the  lattice  to  easily  deform 
to  accommodate  the  large  lithium  impurity.  Thus,  the  impurity  is  found  to 
be  relatively  stable  even  in  a  substitutional  site.  The  electronic  spectrxim  of 
the  lithium  atom  was  calculated  for  a  variety  of  trapping  environments.  A 
three-vacancy  trapping  site  was  found  give  the  best  agreement  with  the  ex¬ 
perimental  spectrum  in  solid  pora-hydrogen,  while  a  four-vacancy  trapping 
site  is  suggested  for  solid  ortho-deut^um.  This  is  in  slight  disagreement 
with  the  Einstein  model  which  predicts  ny  =  4  as  a  favorable  site  in  both 
para-hydrogen  and  ortho-deuterium,  based  on  free  energy  considerations. 
The  possibility  of  an  isotope  effect  on  the  nature  of  the  trapping  site  is  not 
surprising.  In  going  from  para-hydrogen  to  ortho-deuterium  the  energy  per 
particle  increases  by  about  fifty  percent  and  the  volume  per  particle  decreases 
by  about  ten  percent.  Accordingly,  the  lithium  atom  should  need  to  displace 
more  ortho-deuterium  molecules  than  para-hydrogen  molecules  to  form  an 
optimal  tri4>ping  site. 
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Specific  Inqwlae  calculations  [1]  si^gest  that  the  incorporation  of  about  15  nKri%  in 
solid  H2  could  kad  to  an  Im  increase  of  srane  17%  over  tiie  value  for  undoped  H2 
burned  witii  liquid  oxygen.  Etyardo  has  shown  that  Li  can  be  trapped  and  stored  in 
cryogenic  H2  for  hours  [2].  Even  though  die  concentration  of  atoms  achieved  thus  kr 
is  much  less  tiian  tiie  optimum  loading,  tiieae  experiments  suggest  tint  the  LiH2  system 
warrants  further  investigation 

This  study  is  directed  toward  the  understanding  of  tiie  structure  and  ^lectra  of  Li 
atoms  tnqiped  in  a  matrix  of  ground  state  H2  molecules.  I  present  the  potential 
surfaces  for  the  molecular  states  coneqxxiding  to  tiie  interaction  of  a  ground  state  H2 
with  eitiier  a  ground  Li  atom  or  the  first  excited  Li  atom  and  tiie  transition 
electric  dipole  moment  fimction  for  transttions  connecting  the  ground  and  excUed 
mcdecular  states.  In  addition,  I  present  tiie  (diagonal)  dipole  moment  for  the  ground  van 
der  Waals  state  as  a  guide  for  its  observation  by  IR  spectroscopy 

The  interaction  surfitces  were  obtained  from  tiiree  dectron  in  six  orbital  (3/6) 
multireferenoe  configuration  interactim  (MRCI)  calculations.The  Cl  is  based  on  a 
state-averaged  MC  which  incorpotates  all  the  states  emanating  from  the  lowest  two  Li 
+  H2  asymptotes.  Th^  calculations  utilize  a  Clerical  Gaussian  basis  comprising 
9s,8p,2d,lf  functicms  on  li;  5s,3p  cm  H;  and  ls,3p,2d,lf  on  die  H2  bond  center  far  a 
total  of  112  sfdwrical  basis  functions.  Preliminary  studies  were  carried  out  with  a 
truncated  71-function  basis  whidi  crmtained  only  tiie  s  and  p  functions  enumerated 
above.  The  full  basis  describes  rather  accurately  a  Li  atom  with  tiie  valence  dectron  in 
any  of  the  orbitals  2s,  3s,  4s,  2p,  3p,  4p,  3d,  4d,  4f  and  is  nmilar  to  a  basis  which 
optimizes  the  dipole,  quadrupole  and  octupole  polarizabilities  of  the  ground  state  atom. 
The  hydrogen  basis  is  a  compromise  betwm  that  providing  good  Cl  energies  and  tiiat 
needed  to  obtain  q[>timum  polarizabilities  through  the  sixtii  rank  for  ground  state  H2 
The  polarizabilities  of  the  exdted  state  atoms  are  jnesumably  not  neariy  so  wdl 
described  as  are  those  of  the  ground  state  atom.  Thus,  the  112-member  basis  is 
designed  to  afford  a  reasonable  description  of  diqmsion  dfects  Qiarticularly  those 
involving  tim  ground  state  atom)  as  well  as  ordin^  cortelatimi  effects. 
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Thbk  1  lisa  tiie  dqitli  and  positioo  of  the  potential  minimum  for  the  various  stales 
<rfliH2  for  duee  values  of  the  H-H  i^acing  ^i^iich  o(»xeqxmd  to  die 

eyriKbrium  intemudear  sepatatioa  [r(H-^  «« 1.4  aol.  the  Idt-hand  classical  turning 
point  »  1.2054  aj  the  ground  vitoatumal  motion,  and  die  ti^it-hand 

classical  turning  point  [r(H-H)  «  1.7234  ao] .  I  rqioct  these  diaiacteristic  constana  for 
five  values  ci  the  Jacobi  angle  ranging  between  0^  and  9(P  by  inoemena  of  22.50. 

For  simplicity,  I  labd  the  stales  of  liH2  according  to  their  idlaitity  in  C2v  ^ntmetiy. 
The  Ax  stales  in  C2v  oonet^iODd  to  A*  in  symmetry  and  £  in  Cmv*  sides 

and  B2  become  A*  and  A*  in  and  die  doubly  degenerate  n  state  in  Co^y. 

Let  us  examine  the  angular  dqiendenoe  ai  the  relatively  strongly  bound  B  states. 
Clearly,  die  C2v  geometry  is  energetically  highly  favored-  most  dramatically  ao  for 
die  state  wh^  energy  is  lowered  sutetantially  by  an  interaction  between  the  Px 
orbital  on  Li  with  die  orbital  on  H2  which  beemnes  more  and  more  favorable  as  the 
H2  rotates  from  the  C««v  (QO)  position  to  the  C2v  (900)  position,  (z  is  along  the  bond 

axis  of  H2.)  This  enhanced  binding  is  very  sensitive  to  die  d^ree  of  stretch  of  die  H2 
bond.  The  interaction  is  most  favorable  when  the  H2  bond  is  stretdied  most  since  it  is 
dien  that  die  Oy  orbital  cmqMises  ia  highest  proportion  of  the  H2  wavefonction.  By 
contrast,  in  Co^  symmetry,  die  n  state  is  most  strongly  bound  vdien  die  H-H  bond 


contraca  toward  ia  left-hand  turning  pointThat  is  presumably  due  to  a  favorable 
interaction  between  the  p^  orbital  on  Li  and  die  condatiiig  ic  orbital  on  H2  aiiich 
becomes  reladvdy  more  iirqiortant  as  the  H-H  sqnration  decreases. 


Figure  1  shows  that  when  H2  is  stretched  to  ia  right-hand  turning  point  limit 
[r(H-H)  »  1.7234  Sq],  the  lAi  and  B2  kates  cross  at  short  interfragment  sqarations 
in  C2v  geometry.  This  has  inqdications  for  the  quendiing  of  the  Li  fluorescence  (whidi 
I  do  not  explcue  further  here)  and  for  die  possib^ty  diat  die  B2  state  could  be  a 
diemically  bound  excited  state  (CBES)  of  the  sort  diat  was  investigated  in  some  detail 
by  others  earlier  in  the  lifo  of  the  HQ3M  program.  Since  die  crossing  lies  to  the  left  of 
tte  minimum  in  the  B2  state,  it  iqipears  that  this  will  not  provide  a  suitable  energy 
storage  situation.  A  careful  optimizatimi  of  the  geometry  of  die  B2  state  yidded  die 
C2v  structuure  with  r(H-H)  »  1.579  ao>  R0i-H2)  -  3.147  a^.  At  that  gecmietry  the 
lAx  state  lies  3524  cm'^  bdow  the  B2  state,  thus  verifying  the  thought  that  die  B2 
state  of  LiH2  is  not  a  suitable  CBES. 


Although  this  study  was  not  designed  to  describe  the  long-range  interactions  with 
ultimate  accuracy,  various  van  der  Waals  features  appear  to  have  at  least  a 
qualitatively  correct  dq;)endence  on  orientatiem.  The  lAj  state  is  more  attractive  in 
Co«v  than  C2v  *  >nd  is  more  attractive  as  the  bond  stretch  from  ia  left-hand  to  ia 


right-hand  turning  point.  This  is  in  consonance  with  the  fica  diat  die  dqwle 
polarizability  of  ground  state  H2  is  substantially  larger  almig  the  bond  direction  than 
peipendiculaT  to  it,  and  that  the  polarizability  increases  with  bond  strodi  [3].  So  the 
ground  state  curves  ate  the  sort  (me  expeca  for  binding  due  only  to  the  dispersion  type 
interactions.  The  mccited  states  have,  in  additiem  to  dispersiem  effeca,  electrostatic 
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efitects  due  to  the  quadnqKdar  nature  of  die  H2  molecule  and  the  Li  atmn. 
Bvideady,  the  2A|  interaction  is  so  attractive  since  it  benefits  from  an  attractive 
quadnqi^  quadnqxde  interaction  in  die  Cwy  odentation.  As  die  H2  rotates  to  the 

C2v  ^mmetiy,  its  quadnipcde  is  now  oriented  in  such  a  way  diat  the  dectrostadc 
interaction  with  ^P  Li  beocnnes  iqnilsive.  At  large  separations,  die  doubly  (k^enerate 
Cmv  II  stale  is  iqwlsive  (as  is  shown  in  Fig.  2)  due  to  die  repulsive  quadrupde- 

quadrupde  interaction  in  die  linear  orientation.  As  the  H2  rotates,  the  states  afdit  and 
become  more  deqdy  bound  due  both  to  die  diminuadon  of  die  un&vorable 
dectrostastic  interaction  and  the  growiitg  inqiortance  of  the  fiivorable  H2  Pz 
interaction  as  discussed  above.  Figures  2  and  3  show  die  van  der  Waals  region  for  die 
C«^  and  C2v  symmetiies,iespecdvely.  WARNING!  die  curves  are  shown  as  binding 

energy  curves;  remember  that  the  asymptote  fin  the  lAi  state  lies  about  14904  cm~I 
below  that  for  the  excited  states. 

The  sensitivity  of  the  Li-H2  interaction  energies  to  the  H2  orientation  carries  over 
to  the  diagonal  and  transition  dipole  moments  whidi  involve  the  ground  van  der  Waals 
stale.  Figure  4  shows  that  the  diagonal  dipole  moment  of  die  ground  state  is  small  in 
absolute  magnitude  and  also  oppposite  in  rign  for  the  extreme  orientation  angles  (0^ 
and  90*’).  I  have  not  yet  calculated  the  diagmal  dipole  moments  at  intermediate  angles, 
but  I  presume  that  th^  will  be  intermediate  between  the  values  I've  already  calculated. 
The  upshot  is  I  expect  that  the  IR  spectrum  to  be  of  very  low  intensity  and  to  be 
difficult  to  sort  out  in  any  case.  The  transition  dipole  moments  are,  by  contrast,  very 
near  the  very  high  atomic  resonance  transition  value  over  the  entire  van  der  Waals 
r^on.  The  Franck-Condon  factors  (FCF)  for  the  (or  B2)  >  lAi  tiansitUMi  look 
quite  good,  while  die  2Ai  •  1A|  transitirm  is  of  die  (bardy)  bound-free  sort.  Thus 
only  die  former  transition  looks  promising.  However,  in  (^  die  correqionding  II-Z 

tianrition  which  involves  the  repulsive  n  state  is  another  bound-free  transition.  It  is 
dear  diat  the  observation  and  interpretatirm  of  the  Li-H2  system  presents  formidable 
challenges. 


RdTonences 
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P] 
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S.  L.  Rodgers,  unpublished  calculatirms,  1988. 
M.  £.  F^ardo,  I.  Chem.  Phys.  98,  110  (1993). 
W.  M^er,  Chem.  Phys.  17,  27  (197Q. 
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Table  1.  Quaacterisdc  constants  for  the  3/6  MRCI 112  basis  potential  curves, 
(assuming  H2  to  be  a  single  rigid  particle)  for  forte  values  of  r(H-H). 


A.  r(H-H) 
angie0 

»  1.2054  ao 

Re(U-H2)/ao 
IA1  B2  Bi 

2Ai 

lAi 

De  /cm’l 

B2  Bi 

2Ai 

0.0 

9.86 

4.213 

4.213 

12.79 

10.40 

699.7 

699.7 

18.87 

22.5 

4.047 

4.135 

— 

— 

1083.2 

865.4 

— 

45.0 

3.694 

3.893 

—— 

— 

2186.6  1338.9 

— 

67.5 

3.410 

3.670 

— 

— 

3534.2  1907.4 

— 

90.0 

10.56 

3.297 

3.584 

rqHils 

7.46 

4169.0  2174.6 

rqpuls 

B.  r(H-H) 
angles 

-1.4ao 

lAi 

Re(U.H2)/ao 
B2  Bi 

2IA1 

lAi 

D-  /cm‘l 

B2  Bi 

2Ai 

0.0 

9.67 

4.391 

4.391 

— 

14.99 

656.9 

656.9 

27.33 

22.5 

— - 

4.123 

4.258 

— 

— 

1198.3 

852.8 

— 

45.0 

10.11 

3.691 

3.970 

— 

11.85 

2746.7  1411.6 

— 

67.5 

3.358 

3.701 

— 

— 

4646.9  2106.1 

— 

90.0 

10.02 

3.228 

3.578 

repuls 

9.68 

5553.2  2441.2 

repuls 

C.  r(H-H) 
angle  6 

=  1.7234  ao 

Re  (Li-H2)  /ao 
lAi  B2  Bi 

2Ai 

lAi 

Dg  /cm-1 

B2  Bi 

2Ai 

0.0 

9.33 

4.627 

4.627 

10.67 

27.20 

623.3 

623.3 

57.82 

22.5 

— — 

4.169 

4.456 

— 

— 

1719.4 

853.6 

— 

45.0 

3.659 

4.104 

— 

— 

4345.0  1532.9 

— 

67.5 

— — 

3.268 

3.749 

— 

— 

7350.7  2414.1 

— 

90.0 

9.75 

3.092 

3.604 

rqnxls 

13.70 

8912.0  2856.7 

rqHils 

Energy  (Eh) 


LiH2  90.0deg  (rhtp) 


2.6  3.0  3.4  3.8  4.2  4.6 


R  Li-H2  (oo) 


(  oio)  X6j8U3  6uipuig 
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OBJECTIVES  OF  HEDM  EFFORT 


Identification  of  potential  metastable  molecules  as  viable  high 
energy  density  materials. 

— N4,  Ng,  N5H.  HCNBH,  N5-N5.  LiBe(BH4)3.  etc. 


Theoretical  spectroscopic  characterization  of  boron  oxides  and 
related  systems. 

— ^Boron  combustion  kinetics  models  are  severely  hin¬ 
dered  by  a  need  for  “better  molecular  parameters  for  HBO, 
B2O3  and  BO2.” 


Electronic  spectra  signature  of  atoms  in  cryogenic  matrices. 

— ^Equation-of-motion  coupled-cluster  (EOM-CC) 
methods.  NEW  METHOD!  ACES  H. 


Migration  in  cryogenic  solids. 

— ^ROHF-CC/MBPT  methods  and  analytical  gradient 
techniques.  NEW  METHOD!  ACES  n. 


Brown.  C.E.  Kolb,  R.A.  Yetier,  Fi.  Dryer,  HJL  Rabitz,  Final  Reports  1987, 1991. 


METASTABLE  MOLECULES 


•  Metastal^ty  occurs  when  a  molecule  has  a  potential  energy  surface  like 


Provided  the  barrier,  AEa,  to  dissociation  is  sufficiently  high,  and  provided  that  dteie  are  no 
alternative  dissociation  pathways  like  the  triple  surface  shown,  the  metastable  molecule  should 
have  a  sufficient  lifetime  to  store  an  amount  of  energy,  AH. 


•  In  chemistry  there  is  a  whole  world  of  metastable  molecules  that  is  largely  unexplored,  since 
such  molecules  are  not  readily  amendable  to  expermental  observatioiL 


•  Alternatively,  high  level,  correlated  ab  inido  quantum  chemical  methods  offer  a  microscope 
that  probes  the  potential  existence  of  metasts^le  species. 
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Chemistry  of  Nitrogen  Metastabie  Species 
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None  of  diese  mdecules  are  known  experimentally,  although  some  like  pentazole  have 
known  derivatives. 

Wb  have  found  aU  the  above  to  be  local  minima  cm  their  potential  roeigy  surfaces  at 
cofrelated  level,  imptying  their  likely  existence.  Furthermore,  in  most  we  present  predicticm 
vibntioiial  qmctra  inrfiKting  electron  conelaticm  which  will  facilitate  their  potential  identificat 
in  matrix  isolatkm  experiments. 

From  computed  heats  (tf  focmaticm  at  hi^  level  CCVMBPT  correlated  levels,  we  have  made 
estimates  of  I^*s.  They  are  shown  in  the  fdlowing  table. 


Specific  Impulse  of  Several  Molecular  Systems  (in  seconds) 


Hi  +  Oi  456  (467)* 

N2H4  +  N2O4  324 


N3H3  +  02 

SCF 

CCSD  +  T(CCSD) 

triazine 

351 

347 

triimide 

382 

365 

triaziridine 

399 

390 

Monopropellants 

N4(Td) 

520* 

489* 

NgfOh) 

559* 

531  * 

HN5 

343* 

303* 

HiN  - 

351* 

317* 

♦The  formula  26By/AH/M'wzs  — 


Iktoe  infiormatioa  aboat  die  above  nudecides  can  be  obtained  in  tbe  following  publicatioas: 


1.  DJI  Magers,  Salter,  RJ.  Bardett,  C  Salter,  B.  Andes  Hess,  Jr.,  and  LJ.  Schaad,  “Do 
Stabk  Uomen  d  NsHa  Exist?**  Am.  Chem.  Soc.  110,  3435  (1988). 

2.  WJ.  Lauderdale,  JJ^.  Stanton  and  RJ.  Bartlett,  “Stability  and  Energetics  of  Metastable 
Molecules:  Tbtraazatetrahedrane  (N4),  ffexaarahenzene  (N^),  and  Octaazacubane  (Ng),*’  J. 
Phys.  Chem.  96,  1173  (1992). 

3.  L  Cemusak,  S.  Beck  and  RJ.  Bartlett,  “Potential  Energy  Surface  of  Bocazirene  (HCNBH),** 
J.  Phys.  C3iem.  96,  10284  (1992). 


4.  K.  Ferris  and  RJ.  Bartlett,  “Hydogen  Pmitazole:  Does  It  Exist?**  J.  Am.  Chem.  Soc.  114, 
8302  (1992). 


NEW  BORON-NITROGEN  MOLECULES 


Inunoboianes  ate  a  new  class  of  molecules  fint  synthesized  in  1975,  of  die  general  form 
RB  s  NRt  which  involve  twtxoocdinate  borcm  atoms  with  nitrogen  atoms  coordination 
number  4.  5  or  6.  Because  oi  the  high  energy  cooiem  of  B  and  N  containing  species, 
tminobocanes  wmild  uppeai  to  be  a  potential  source  of  new  ene^etk  materials.  Now  more 
than  50  iminoboranes  have  been  syndiesized  and  characterued.^ 

In  our  leaidi  for  metastable  energetic  materials  we  have  considered  isovalrat  analogs  of  the 
known  aromatic  qiedes  cyclqntqienyl  catitm  and  benzene,  where  we  replace  a  CiH^  group  by 
HBNCiH  and  C6H6  by  the  dimer  to  give  tte  molecule  in  Hgure  la.^  This  molecule  is  not  planar 
like  benzene,  but  assumes  a  boat  form  with  die  two  B<^  bmids  being  out  of  the  plane. 

Wt  have  determined  the  molecule  to  have  a  high  heat  of  formation,  AHj  as  109.6  kcalAnt^ 
from  which  an  Isp  could  be  estimated. 

The  potential  for  making  high  energy  polymer  materials  has  also  been  investigated.  Cis  and 
tians  forms  are  shown  in  Hgures  lb  and  Ic.  The  energy  difference  between  the  boat  and  trans 
fonn  is  12  J  kcal/md.  By  adding  extra  HCN-BH  units  to  die  terminal  B-H  bonds,  an  extended 
polymeric  structure  can  be  envisioned. 

In  Hgure  2a,  2b,  and  2c  are  shown  the  predicted  vibrational  spectra  for  die  three  isomers  in 
Hgure  1.  These  should  be  accurate  enough  to  use  for  identification  of  the  synthesized  molecules. 


>  P.PMaalil.Pim«dA|vL  Chon.  0. 34S  (1991).  P.  PaeosU.  A«hr.  1mm|.  Qicm.  31. 123  (19S7);  H.  Hath,  Ai^arr.  Chca.  tat.  Ed. 
Edlf.  27. 1603  (1918). 

*  L  GHMulc.M.UilNn.P.  Eld  ndU.  Banka.  J.  Am.  Chan.  Soc.  114. 10933(1992). 
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lS6i);  HCNXt  -  -1S8.1; 
mii^lMiat;  X},  Xj,  and  X4  are 


Absorbance  Absorbance  Absorbance 


Laser  and  Fourier  Transfcnmi  Spectroscopy 
of  Novd  Propdlant  Mdecules 

Peter  Bemath 
Department  of  Chemistry 
University  of  Waterloo 
Waterloo.  Ontario,  Canada  N2L  3G1 

and 

Department  of  Chemistry 
University  of  Arizona 
Tucson.  Arizona  85721  USA 

A  variety  of  molecules  important  as  potential  advanced  propellants  were  studied  by  high 
resolution  Fourier  transform  emission  spectroscopy. 

A.  Jet  Spectroscopy:  Swan  system  of  C^. 

The  C2  molecule  is  a  common  constituent  of  flames  and  is  made  during  the  combustion 
of  conventional  propellants.  The  green  color  often  observed  in  flames  is  due  to  the  Swan  system 
of  C2.  In  addition,  C  atoms  and  C2  molecules  ate  possible  advanced  propellants  if  they  can  be 
trapped  in  solid  hydrogen. 

The  d^n^-a^Ily  Swan  system  of  C2  was  produced  in  a  jet-cooled  corona  excited 
supersonic  expansion  of  diazoacetonitrile  in  He^  The  C2  emission  was  observed  in  a  series  of 
experiments  on  the  CCN^  and  the  CN^’"*  molecules.  The  C2  emission  was  detected  at  0.025  cm'^ 
resolution  with  the  McMath  Fourier  transform  spectrometer  at  Kitt  Peak. 

As  was  observed  in  our  CN  work^'"*,  the  ele''tronic  emission  of  C2  was  vibrationally  hot 
but  rotationally  cool  (~90K).  The  spectrum  of  Cj  was  also  produced  in  a  conventional  hollow 
cathode  discharge  with  an  AI4C3/CU  cathode.  The  remarkable  simplification  provided  by  jet¬ 
cooling  is  illustrated  in  Figure  1.  The  top  panel  is  the  0-0  band  of  the  Swan  system  of  C2  from 
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Figure  I 
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19354  19364  19374  19384  19394 

Wavenumber/cm"^ 


the  jet  emission  source  while  the  lower  panel  is  the  corresponding  near  room  temperature 
spectrum  recorded  with  the  hollow  cathode  source. 

The  cold  spectrum  in  the  jet  source  (Figure  1)  allows  the  low>J  lines  of  many  vibrational 
bands  to  be  easily  assigned.  We  analysed  the  vibrational  levels  with  v'  =  0-3  in  the  excited  d^d^ 
state  and  v*'  s  0-4  in  the  lower  a^n„  state.^  The  line  positions  from  the  jet  source  were 
augmented  with  our  hollow  cathode  data  as  well  as  some  laser  and  Fbuiier  transform  data  from 
the  literature.  A  greatly  improved  set  of  spectroscopic  constants  were  derived  for  the  d^n^  and 
a^n„  states  of  Cj. 

B.  Vibration-Rotation  Emission  Spectroscopy:  AlCl,  HCl.  AlH,  AID,  GaH,  GaD,  InH  and  InD. 

One  promising  scheme  for  boosting  the  performance  of  the  hydrogen/oxygen  propellant 
system  is  to  trr^  light  metal  atoms  or  metal  hydrides  in  solid  hydrogen.  We  are  exploring  the 
chemical  interaction  of  light  metals  such  as  aluminum  with  hydrogen  at  high  temperatures  by 
Fourier  transform  emission  spectroscopy.  We  find  high  resolution  emission  spectroscopy  to  be 
a  very  sensitive  diagnostic  tool  for  high  temperature  cherrustry. 

In  order  to  trap  a  metal  atom  in  solid  hydrogen,  it  first  must  be  vaporized  probably  in  the 
presence  of  hydrogen  gas.  Our  gas  phase  studies  are,  therefore,  the  first  steps  in  any  practical 
trapping  scheme. 

Aluminum  powder  is  currently  used  in  conventional  solid  propellants  and  A1  atoms  are 
a  very  favorable  additive  to  solid  hydrogen.  Aluminum  liquid  and  aluminum  vapors  are  very 
corrosive,  but  we  have  found  that  a  carbon  liner  protects  the  alumina  furnace  tube  at  high 
temperatures.  At  ISSO^C  aluminum  and  hydrogen  react  to  give  AlH  in  the  gas  phase  (Figure  2), 
with  no  evidence  for  the  formation  of  AIH2  or  AIH3.  The  remarkably  strong  AlH  emission 
allowed  the  line  positions  to  be  measured  with  a  precision  of  ±0.(X)01  cm'^  (in  the  most 
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favourable  cases)  with  our  Bruker  IPS  120  sp«:tr(Miieter  at  Waterloo.  This  precision  is 
im|ueoedrated  for  an  unstable  molecule  such  as  AlH.  Similar  experiments  were  carried  out  on 
AID  as  well  as  GaH,  GaD.  InH  and  InD.  These  molecules  were  measured  to  test  our  new  data 
reduction  methods  (see  below). 

The  long  wavelength  limits  of  our  emission  technique  were  explored  by  recording  die 
vitoadon-rotation  sqiectnim  of  AlCl  and  the  pore  rotadmial  spectrum  of  hot  HCl  at  20  micrcms. 
Bodi  HQ  and  AIQ  are  observed  in  the  plumes  of  rockets  burning  aluminized  solid  propellants 
with  an  ammonium  perchlorate  oxidizer. 

C.  "New"  Data  Reduction  Techniques. 

We  typically  measure  thousands  of  line  positions  for  a  molecule,  but  we  would  like  to 
represent  these  data  in  a  more  compact  form.  Spectroscopists  traditionally  fit  their  data  to 
polynomials  to  extract  spectroscopic  constants.  However,  the  most  physically  meaningful 
quantity  is  the  potential  energy  curve.  With  accurate  potential  energy  curves  (and  dipole  moment 
functions)  all  spectra  could  be  calculated.  Moreover  the  potential  energy  curves  are  the  key 
ingredients  for  any  simulation  of  the  physical  properties  in  a  condensed  state. 

We  are  directly  fitting  the  experimental  data  to  the  eigenvalues  of  the  Schrddinger 
equation  ("inverse  perturbation  approach").  The  SchrOdinger  equation  is  solved  numerically  using 
a  parameterized  modified-Morse  potential  energy  function  of  the  form^ 

V(r)  =  D.  (1  +  e-P<'))2/(l  -  e-P<->)2 
with  P(r)  =  z(Pq  +  PjZ  +  Pz^  +  ...)  and  z  =  (r  - 

Corrections  for  Bom-Oppenheimer  breakdown  are  made  by  adding  mass-dependent  terms  to  V(r). 
This  approach  is  a  modification  of  one  proposed  by  Coxon.  The  potential  energy  function 
obtained  for  AlH  and  AID  is  drawn  in  Figure  3. 
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The  advantage  of  our  ai^oach  is  that  the  potential  energy  function,  V(r).  is  quantitatively 
correct  for  the  lower  half  of  the  curve  (Figure  3)  where  we  have  q)ectroscopic  data  and  is 
qualitatively  coirect  for  the  upper  of  the  curve.  For  ctnnparison  we  have  plotted  die  points 
of  a  high  level  ab  initio  calculation  in  Figure  3.  Notice  the  excellent  agreement  between  our 
extnqiolaied  curve  at  high  v  and  the  ab  initio  points.  Our  ^proach  is  also  oqiable  of 
incorporating  all  the  available  infoimadon  and  represents  the  "best"  potential  curve. 

References 

1.  C.V.V.  Prasad  and  P.F.  Bernath,  Ap.  J.,  submitted. 

2.  N.  Oliphant,  A.  Lee,  P.F.  Bernath  and  CR.  Brazier,  J.  Chem.  Phys.  92,  2244  (1990). 

3.  C.V.V.  Prasad,  P.F.  Bernath,  C.  From  and  R.  Engleman,  J.  AioL  Spectrosc.  151,  459 
(1992). 

4.  C.V.V.  Prasad  and  PJ.  Bernath,  J.  MoL  Spectrosc.  156,  327  (1992). 

5.  H.  Hedderich,  M.  Dulick  and  P.F.  Bernath,  J.  Chem.  Phys.,  submitted. 


164 


ELECTRONIC  STRUCTURE  CALCULATIONS  WITH  PARALLEL  CCM^UTTNO 
MARK  S.  GORDON.  THERESA  L.  WINDUS  AND  MICHAEL  W.  SCHMIDT 
DEPARTMENT  OF  CHEMISTRY 
IOWA  STATE  UNIVERSITY 
AMES.  IOWA  soon 


There  has  been  a  fluiry  of  activity  in  the  past  two  yean  in  die  devdopment  of  paialld 
codes  for  electronic  structure  calculations.  This  effort  has  been  considerably  enhanced  by  die 
efforts  of  die  Argonne  dieofetical  ctemistry  groiqi.  most  notably  Robert  Harrison,  who  have 
developed  a  message  passing  code  (TCGl^G)  that  is  particultfly  well  suited  to  electronic 
structure  calculations.  This  development  has  facilitated  the  conversion  of  a  major  part  of  die 
electronic  structure  program  GAMESS  to  paraUeL 

The  core  of  GAMESS  calculates  electronic  wave  functions  for  atoms  and  molecules  at 
several  levels  of  theory.  The  sinqilest  of  these,  the  restricted  Haitree-Fock  (RHF)  wave  function, 
q^lies  only  for  closed  shell  qiecies.  in  which  all  dectrons  are  paired.  Most  molecules  in  dieir 
ground  elet^nic  states  and  lowest  energy  isomers  are  closed  sh^  species,  for  udiich  RHF  wave 
functions  are  s^Ucable.  Open  shell  ^lecies  can  be  described  widi  restricted  open  shell 
Hartree-Fock  (ROHF)  wave  functions,  in  vdiich  the  unpaired  dectrons  are  described  Ity  singly 
occityied  orbitals.  The  remaining  electrons  are  again  entered  into  orbitals  in  alpha-beta  spin 
pairs,  as  in  the  RHF  wave  functions.  An  alternative  to  the  ROHF  descrqition  of  qien  shells  is 
the  unrestricted  Hartree-Fock  (UHF)  wave  tiinction.  in  t^iich  all  alpha  and  beta  electrons  are 
placed  in  sqiarate  orbitals. 

While  Hartree-Fock  wave  functions  are  often  a  reasonable  starting  point  for  treating 
molecular  structures,  diis  level  of  dieory  is  tardy  sufficient  for  the  predion  of  reaction 
energetics.  For  accurate  prediction  of  energetics,  one  must  add  correlation  corrections  into  die 
wave  functioiL  In  G^4ESS.  dieie  are  several  methods  for  doing  this.  The  sinoplest 
inqirovement  in  the  wave  function,  particularly  weU  suited  for  the  treatment  of  diradicals,  is  the 
two  configuration  (TC)  self-consistent  field  (SCF)  method  (equivalendy.  the  generalized  valence 
bond  (GVB)  method).  Here,  the  two  dectrons  in  the  highest  occupied  molecular  (uhital  (HOMO) 
are  allowed  to  occupy  the  lowest  unoccupied  (correlating)  molecular  orbital  (LUMO)  as  wdL 
This  is  sinple  version  of  the  more  generd  multi-configurational  (MC)  SCF  method,  in  which 
several  occiqiied  and  unoccupied  orbitals  are  correlated.  MCSCF  wave  functions  are  rwcessary 
when  several  bonds  and  lone  pairs  are  involved  in  a  chemical  reaction.  The  occipied  and 
unoccupied  orbitals  used  in  an  MCSCF  wave  function  ate  collectively  referred  to  as  the  "active 
space".  Once  the  MCSCF  calculation  has  been  completed,  one  nonnally  does  a  configuration 
interaction  (CT)  calculation,  in  which  all  single  and  double  excitations  from  ALL  of  the  MCSCF 
configurations  are  included.  This  is  frequently  refrared  to  as  second  ordo*  (SO)  CL  All  of  the 
methods  described  so  far  are  variationd  meAods.  An  dtemative  spproach  to  incorporating 
conelation  is  perturbation  theory.  Second  order  MoUer-Plesset  pmurbation  theory  (MP2)  is 
include  in  GAMESS,  for  closed  shell  (RMP2)  and  open  shell  (UMP2,  ROMP2)  wave  fractions. 
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bi  order  to  predict  geometries  oi  natitmary  pmnts  on  a  potential  energy  suifue  (PES), 
one  lequiies  tibe  padient  of  the  energy.  The  gradient  is  also  essential  for  die  calculation  of 
mmimum  eae^  padis  (MEP*s)  for  chemical  reacdtms.  GAMESS  currendy  has  die  ability  to 
calculate  uialytic  giadieats  for  RHF,  UHF,  RCXIF,  TCSCT,  and  MCSCF  wave  functions.  The 
second  derivatives  of  die  energy  are  also  important  to  characterize  die  nature  of  stationary  points 
(e.g..  as  imnima.  transitimi  states)  and  for  die  prediction  of  frequencies.  Analytic  hessians  are 
availahle  in  GAMESS  for  RHF.  RCXSF,  and  TCSCF  wave  functions.  Of  course,  numerical 
hessians  are  availaUe  for  all  wave  functions  for  which  analytic  gradients  can  be  calculated. 

At  the  present  time,  the  calculation  of  energies,  wave  functions,  gradients  and  associated 
properties  can  be  performed  in  parallel  for  RHF,  RCMIF,  UHF,  and  TCSCF  (GVB)  levels  of 
theory.  As  noted  above,  diis  means  geometry  cqitimizations  and  reactitm  path  following  can  be 
done  in  parallel  The  remaining  wave  functitm  types,  MCSCF,  d  and  Mn,  as  well  as  analsrtic 
hessians,  have  a  common  Ixmleneck  -  the  transformation  of  the  two-electron  integrals  from  die 
molecular  orbital  (MO)  to  die  atomic  orbital  (AO)  basis.  There  are  several  possiUe  alternative 
approadies  to  performing  this  transformation  in  paraUeL  These  include  d^t  or  semi-direct 
mediods,  in  a^h  the  two-dectron  integrals  are  calculated  partially  or  entirely  in  the  AO  basis, 
distributing  die  calculatiaa  of  different  parts  of  die  transformation  and  integral  calculatitm  to 
several  nodes,  and  the  use  of  a  series  of  two-tty-two  rotations.  The  first  two  of  diese  are  under 
development  in  our  laboratory,  aduk  the  diiid  is  being  developed  by  Iowa  State  colleagues  Klaus 
Ruedenberg  and  Steven  Elbm 

Because  of  the  portability  of  both  GAMESS  and  TCGMSG,  parallel  GAMESS  is  availatde 
on  several  hardware  platfomis.  It  tuns  across  several  (equivalent  ot  inequivalent)  wmkstations, 
as  well  as  on  Intel,  Connection,  and  Kendall  Square  massively  parallel  computers.  In  general 
we  find  that  the  code  scales  widi  nearly  1(X)%  efficiency  using  1-16  nodes  arid  at  qiproximately 
80%  efficiency  up  to  64  nodes.  Recent  calculations  on  die  prismane  structure  of  borazine  can 
serve  as  a  qiecific  exanqile.  A  6-311G(2d,2p)  calculation  on  this  molecule  requires  204  basis 
functions.  This  is  a  fairly  modest  test  case  Ity  current  standards.  Nonedieless,  as  shown  in  the 
TaUe,  diis  RHF  calculation  scales  quite  well  dunugh  32  processors,  and  a  non-trivial  speedtqi 
is  obtained  even  upon  going  from  128  to  256  notks.  Note  that  die  orbital  guess  part  of  tte  code 
is  a  pretty  trivial  part  of  the  total  calculation  when  p  -  8  nodes.  In  contrasl  the  initial  guess  part 
of  the  calculation  is  nearly  50%  of  the  time  required  for  the  two-electron  integrals  when  the 
number  of  nodes  is  increa^  to  256.  This  saves  to  enqihasize  the  point  that  one  should  scale 
the  size  of  die  calculation  as  the  numba  of  nodes  is  increased. 

The  parallel  version  of  GAMESS  has  been  used  in  several  qiplications  of  interest  to  the 
HEDM  program.  Since  these  are  rqiorted  in  separate  abstracts  in  t^  document,  the  reada  is 
referred  to  die  reports  on  high  energy  prismane  structures  and  on  isomers  of  die  nitric  oxide 
dima. 
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.  ISQNBUZATIQN  AMD  UGBT 
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Janes  L.  Gole 

School  of  Physics,  Georgia  Institute  of  Technology 
Atlanta,  Georgia  30332 


Ceonetric 


of  the  Halogen  Qaides,  (x*l,2) 


Previously,^  we  have  discxissed  the  isoneric  foms  of  the  halogen 
dioxides,  FO2  and  CIO2,  and  the  potential  use  of  the  fluorine  dioxide  istmers 
as  high  energy  density  materials.  The  POOC^A")  radical^  corresponds  to  a 
Bioderately  reactive  ground  state  while  OFO  represents  a  highly  excited  local 
minimum  on  the  PO2  potential  surface.  The  specific  enthalpies  of  rcuiction  of 
these  conforoiers  with  H2(l)  and  several  boron  based  metalloid  molecules  (Table 
I)  considerably  exceed  that  inherent  to  the  benchmark  "Lox-hydrogen" 
conversion  (12.56  MJ/kg). 

FOO  represents  an  unusually  stable  radical  which  can  be  generated  in  the 
gas  phase  through  the  thermal  decomposition  of  02AsF5^  or  While  the 

corresponding  OFO  is«ner  has  not  been  observed,  its  OCIO  counterpart  is  well 
studied.^  Quantum  chemical  calculations  suggest  that  OFO  lies  'v  110  kcal/mole 
higher  in  energy  than  FOO^,  thus  accoianting  for  the  dominant  formation  of  the 
FOO  radical  in  fluorine'oxygen  mixtures.  While  the  OFO  radical  is  thermo' 
dynamically  \xnstable  relative  to  the  peroxy  radical,  there  is  no  reason  to 
believe  that  OFO  would  not  be  kinetically  stable  if  prepared  photochemi- 
callir*^  or  by  an  appropriate  synthetic  route  such  as  that  applied  to  the 
synthesis  of  OCIO.^ 

If  the  OFO  radical  can  be  produced  and  subsequently  stabilized,  this 
isomer  as  well  as  its  more  stable  isomeric  conformer  and  the  OF  radical,  may 
provide  iiiq>ortant  starting  materials  (Table  I)  for  use  in  high  specific 
impulse  reactive  encounters.  The  maintenance  and  stabilization  of  the  OFO 
radical,  in  particular,  should  best  be  accomplished  in  a  low  temperature 
matrix  environment.  In  order  to  create  a  useful  propellant,  the  matrix  host 
material  must  be  a  potential  fuel  component  such  as  H2,  O2,  or  molecular 
boron.  It  will  be  most  feasible  to  examine  the  trapping  of  OFO  in  solid  O2  or 
highly  doped  boron  matrices;  however,  this  should  be  prefaced  by  initial 
studies  carried  out  in  solid  argon  to  reduce  chemical  con^lexity. 

OFO  in  argon  might  be  produced  via  photoisomerization^  or  dissociation/ 
recmnbination  channels.  FOO  ('’q-O  “  cm"^,^  '’O-F  “  cm"^,^),  generated 

by  thermal  decOTposition,^  when  exposed  to  pulsed  excimer  laser  radiation  at 
several  wavelengths  (e.g.,  193,  222,  or  248  nm)  may  access  states  with 
workable  branching  ratios  to  form  OFO.^  While  it  is  probable  that 
dissociative  and  predissociative  states  will  be  excited,  the  cooplete 
dissociation  of  the  molecule  should  be  prevented  by  the  matrix  cage.  The 
photolysis  products  may  recombine  with  the  possibility  of  trapping  in  the  OFO 
local  minimum.  The  formation  of  OFO  should  be  monitored  by  the  observation  of 
new  absorption  bands  near  400  and  600  cm~^.^ 

It  may  also  be  possible  to  generate  OFO  in  the  gas  phase  through 
photolysis  of  0^1 kx  mixtures  during  condensation  or  through  the  deposition  of 
the  products  from  a  microwave  discharge  in  02/F2/Ar  mixtures.  The  gas  phase 
generation  of  OFO  is  desireable  even  if  photoisomerization  is  effective  in 
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argon  (or  a  heavily  boron  doped  argon  matrix)  for  a  very  different  circum¬ 
stance  will  certainly  pervade  in  an  O2  matrix.  Becaxise  solid  O2  absorbs 
strongly  in  the  uv  region,  at  best,  in-situ  generation  of  OFO  would  only  be 
effective  near  the  surface  of  an  O2F/O2  matrix.  In  addition,  O2F  photo¬ 
chemistry  would  be  substantially  modified  by  its  intimate  contact  with  Oo 
(or  for  that  matter  molecular  boron)  in  a  matrix.  If  gas  phase  methods  for 
generating  OFO  can  be  demonstrated,  it  will  be  possible  to  apply  them  to  the 
trapping  of  OFO  in  O2  or  moderately  dilute  boron  molecule  based  matrices, 
determining  the  long  term  stability  of  OFO/O2  or  OFO/Bj^  solids  and  the  upper 
limit  to  the  mole  fraction  of  OFO  that  can  be  stabilized. 

Borem  Holecule  Based  -  Fluorine  Oxide  Comibostion  Processes 

Boron  oxidation  reactions  are  capable  of  producing  among  the  highest 
volumetric  energy  densities  based  largely  on  substantial  specific  enthalpies. 
Given  this  backdrop,  and  a  knowledge  of  the  multicentered  oxidation  chemistry 
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which  small  mstsl  or  metalloid  iMleculea  can  undergo.^  it  is  appropriate  that 
one  investigate  the  nature  of  the  reactions  of  small  boron  molecules  as  they 
react  to  form  the  oxides  and  fluorides. 

Detailed  stiidies  of  boron  (and  for  that  matter*  altuninum)  molecule 
reactions  have  not  been  undertaken.  Although  previous  studies  of  potential 
boron  fuels  have  ophasised  particle  ignition,  it  has  also  been  recognised 
that  as  much  as  half  of  the  potential  energy  content  of  boron  rocket  fuels 
must  be  released  in  gas  phase  oxidation  processes.  Thus  previous  research 
efforts  have  addressed  both  the  heterogeneous  and  homogeneous  boron  combustion 
regimes,  the  latter  experiments  prejudicing  the  chemistry  to  coBq>ounds 
containing  a  single  boron  atom.^~*  This  impressive  work  neglects  the 
extroMly  important  bridge  between  the  heterogeneous  chemistry  of  boron 
particle  ignition  and  the  homogeneous  chemistry  associated  with  the  gas  phase 
oxidation  of  coaq>ounds  containing  a  single  boron  atom.  Thus,  an  approach  to 
study  the  oxidation  chemistry  of  small  boron  molecules  identifies  a  virtually 
unexplored  and  potentially  bridging  middle  region  lying  at  the  interface  of 
hetero-  and  homogeneous  boron  ctmibustlon  chemistry. 

Small  boron  molecules,  B2  and  B3,  and  the  boron  clustered  hydrides  of 
these  stable  but  highly  reactive  species  can  be  generated  in  significant 
concentration  using  at  least  two  established  cluster  generating  techniques. 
High  fltix  boron  flows  can  be  agglomerated  to  form  intense  continuous  sources 
of  small  boron  molecules^^  or  produced  using  pulsed  laser  vaporization- 
supersonic  expansion  from  boron  rods.  The  boron  cluster  hydrides, 

(x*2,3,  yl2)  might  be  formed  by  seeding  hydrogen  into  one  or  the  other  of 
these  configurations^^  or  via  in-situ  synthesis  as  hydrogen  donating 
constituencies  are  entrained  and  flow  over  boron  at  the  elevated  tempera¬ 
tures^^  commensurate  with  a  significant  hydride  vapor  pressure.  Once  formed, 
these  molecules  and  their  reactions  can  be  interrogated  using  a  combination 
of  chemiluminescence,^^  laser  induced  fluorescence  (single  and  multiphoton) , 
and  mass  spectroscopy  (photoionization  and  electron  i]iq>act  quadrupole  or  time- 
of-f light). 

Boergetics  of  Boron  Kolecule  Reactltms 


Given  the  ability  to  form  copious  quantities  of  small  boron  molecules  and 
their  respective  clustered  hydrides,  we  consider  the  specific  enthalpies 
associated  with  their  multicentered  reaction  in  Table  I.  There  is  alrctady 
significant  information  to  make  these  assessments.  The  bond  energy  of  boron 
dimer,  B2,  is  a  respectable  but  moderate  69  kcal/mole^^  vs.  the  very  strong  BO 
(191  kcal/mole)^*^^  and  BF  (181  kcal/mole)^^  bond  energies.  Although  the  B3 
bond  strength,  114  kcal/mole,  which  appears  to  have  been  accurately  calculated 
by  Hernandez  and  Simons, considerably  exceeds  that  of  B2,  it  is  still  well 
below  that  of  the  oxide  and  fluoride. 

Hernandez  and  Simons^^  have  determined  the  structures  in  Figure  1  for 


B3H.  The  first  of  these  structures  represents  a  global  minimum  and  the 
latter,  a  bridged  isomer,  corresponds  to  a  local  minimum,  approximately  20 
kcal/mole  higher  in  energy,  which  possesses  distinct  vibrational  frequencies 
relative  to  that  of  the  ground  state.  The  B-H  bond  strength  for  the  global 


minimum,  87  kcal/mole 
BH  (78-82  kcal/mole). 


lo 


should  be  con^ared  with  the  bond  strength  of  diatomic 
The  B-H  bond  strength  of  the  local  minimum  bridged 


conformer  decreases  to  69  kcal/mole. 

Recently,  Michaels^ ^  has  investigated  the  B2H  molecule,  finding  a  lowest 
energy  C2v  structure  corresponding  to  a  saddle  point  and  leading  to  BH+B.  In 
other  words  the  HB2  molecule  is  unstable  with  respect  to  dissociation  of  the 
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B'B  bond  (via  the  asynDetric  stretch)*  This  seems  surprising  in  view  of  the 
B2  and  BH  j^nd  strengths  and  the  molecular  electronic  structure  of  HAB 
fflolecules^^;  however,  it  suggests  (1)  that  an  approaching  H  atom  will  greatly 
destabilise  a  B2  bond,  (2)  that  the  specific  enthalpies  estimated  in  Table  I 
for  the  reactions  of  HB2  with  FOO  and  OFO  represent  stringent  lower  bounds 
and  (3)  that  the  HB2  radical,  stabilized  in  a  rare  gas  matrix  might  represent 
an  outstanding  candidate  for  a  high  specific  enthalpy  reaction. 

The  boron  (or  alvmiinum)  based  reactant  species  which  we  consider  in  Table 
I,  with  the  exception  of  HB2,  are  siifficiently  stable  so  that  they  should  be 
maintained  for  extended  periods  if  formed  in  the  gas  phase  and/or  deposited  in 
rare  gas  matrices.  For  the  process 

3/2  B2(g)  +  K)2(g,22  .  CT(j)  +  2B0(g)  (1) 

the  specific  enthalpy  is  between  15.57  and  16.26  MJ/kg  for  the  peroxy  radical. 
These  values  increase  to  between  21.07  and  21.71  HJ/kg  for  the  symnetric  form 
of  the  FO2  radical.  The  process  (1)  should  be  contrasted  to  the  reaction 
combination 


»3(g)  +  ^02(g)  »^(g)  +  2»0(g)  (2) 

for  which  the  specific  enthalpy  ranges  are  11.59  -  12.29  and  17.12  -  17.81 
HJ/kg  for  the  peroxy  and  symmetric  Isomer  respectively. 

For  the  multicentered  process  involving  boron  dimers  and  OF  radicals  (see 
previous) 


®2(g)  +  0^(g)^*  ®^(g)  +  ®0(g) 


(3) 
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the  specific  enthalpy  is  between  17.67  and  18.18  MJ/kg  whereas  the 
multicentered  process 


BH(g)  +  OF(g)  HF(g)  +  BO(g)  (4) 

has  a  specific  enthalpy  ranging  between  16.54  and  17.16  MJ/kg.  We  evaluate 
processes  (3)  and  (4)  on  the  basis  of  an  OF  bond  energy  of  55  kcal/mole.^^ 
This  estinate  of  the  OF  bond  energy  is  based  largely  on  its  ready  production 
from  the  photolysis  of  O2  ~  F2  mixtures  in  rare  gas  matrices  or  F2  in  an 
oxygen  matrix. The  radical  is  stable  for  extended  periods  in  these 
matrices. 

The  specific  enthalpies  associated  with  the  reaction  of  the  higher  boron 
clustered  hydrides  are  significant  but  do  decrease  relative  to  those  for 
processes  (1)  -  (4).  We  consider  also  the  HB2  -  FO2  systems  and  the  B3H  -  OF 
system  in  Table  I  and,  for  coiq>arison,  we  include  select  reactions  of  AI2  and 
AI3.  Again,  note  that  the  evaluated  enthalpies  for  the  HB2  based  reactions 
would  appear  to^^  represent  stringent  lower  bounds. 

The  results  of  the  analyses  in  Table  I  suggest  that  several  processes 
involving  the  oxidation  of  small  boron  clusters  and  their  hydrides  have 
specific  enthalpies  which  significantly  exceed  that  of  Lox-hydrogen.  Further, 
this  table  focuses  on  the  reaction  of  ground  state  boron  based  species  and 
does  not  begin  to  address  the  possible  formation  of  long-lived  metastable 
boron  molecule  reactants  whose  ccxnparable  oxidation  will  produce  even  higher 
specific  enthalpies.  With  the  plethora  of  excited  states  characterizing  both 
the  B2^^  and  £3^°  molecules,  several  of  which  possess  differing  multiplicities 
from  that  of  the  ground  electronic  state,  the  possibility  of  forming  a 
metastable  reactant  should  be  a  future  consideration. 

In  order  to  approach  a  study  of  certain  of  the  reactions  outlined  in 
Table  I,  it  will  be  necessary  to  examine  the  photophysics  of  the  B3  molecule. 
Fortunately,  we  can  follow  the  lead  of  Hernandez  and  Simons  who  have  evaluated 
the  ground  and  several  excited  states  of  B3,  compiling  the  overview  diagram  of 
Fig.  2.  They  find  that  the  ground  electronic  state  of  B3  is  a  ^Aj^'  (®3h^ 
equilateral  triangle  configuration.  Electric  dipole  allowed  transitions  to 
three  states  of  ^A2"  and  ^E'  symmetry,  whose  vertical  excitation  energies  lie 
between  7000  and  27000  cm~^  above  the  gro\ind  state,  and  vibronically  allowed 
transitions  to  ^E"  states  whose  vertical  excitation  energies  lie  approximately 
26,000  and  40,000  cm~^  above  the  ground  state  are  summarized  in  Table  II. 

This  table  demonstrates  that  a  significant  component  of  the  low-lying 
electronic  states  in  the  B3  molecule  should  be  accessible  to  pump-probe 
experiments  using  Nd:YAG  and  excimer  pumped  dye  lasers.  Local  harmonic 
vibrational  frequencies  have  been  determined  for  these  states.  The  lowest 
excited  ^E'  (2  ^Aj^,  1  ^B2)  and  ^E”  (l  ^A2,  2  ^Bj)  states  undergo  a  first  order 
Jahn  Teller  distortion  with  a  low  barrier  to  pseudo-rotation.  Hernandez  and 
Sifflons^^  have  calculated  geometries,  energies,  and  vibrational  frequencies  for 
the  minima  and  saddle  points  associated  with  these  Jahn-Teller  split  states. 
They  note  that  the  low  barrier  to  pseudorotation  should  facilitate  the 
observation  of  clearly  discemable  features  in  the  vibrationally  resolved 
spectra  for  transitions  involving  these  states.  A  study  of  this  B3 
photophysics  will  certainly  complement  the  elegant  work  of  Garrick  and 
Brazier^^  now  underway  at  the  Phillips  Laboratory  as  well  as  providing  a  basis 
for  the  study  of  several  of  the  reactions  outlined  in  Table  I. 
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Omvicv  pietan  flf  Che  iow-lyiag  ittM  m  B, .  The  diAmt  curves 
rtpfit  fttia  that  haw  haan  laonathcally  optimiiad.  Tha  horuontal 
liiiaa  rapnaaat  atam  tot  whidi  daetnmic  aaafgtaa  art  kaova  but  whoM 
gaoBMPy  haaaotbaanoptuBiiad. 


Tabl«  iz 

Lo— at  r«w  Vartieal  beitatloo  laarfiM 
Calcalatad  by  Harnanitaa  and  Siaooa  for  B3 


Transition  Typo 

Stata* 

T,  (aa*' 

1  2a’2  (1  ^Aj) 

0 

Dipolo  allowod 

1  2a2"  (1 

7  082 

Dipola  allowod 

1  2e'  (2  2ai,  1  ^Bj) 

15  085 

Dipola  allowod 

2  2e'  (3  ^Aj,  2  2b2) 

27  308 

Vlbronically  allowod 

1  V  {1  2a2,  2  ^Bj) 

26  594 

Vibronicslly  allowod 

2  2e"  (2  2a2.  3  ^Bj) 

38  918 

•Ihv  and  C2v  labals  ara  usad  for  aach  stata  to  facilitata  coapariaon  with 

?iS.  2. 


*>Tba  axcitation  onargias  vara  obtainad  aa  configuration  Intaraction  (Cl) 
alganvaluaa  in  tha  CASSCT  optlsizatlon  of  tha  1  stata  (both  sysBotrlas 
appaar  aa  At  In  Cjf  aysoatry).  Slnllarly.  tha  axcitation  anargias  wara 
obtainad  aa  Cl  roots  in  tha  CASSCT  optiaization  of  tha  1  ^^2"  (both 

sywatrias  appaar  as  in  C2y  synwtry). 
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BttMOvalwit  Iso— rl—ttoo  in  tbs  BOH  HBO  Syst— 

In  contrast  to  tbs  combination  of  one  of  tbe  Group  IIIA  metals  A1-T1« 
oxygen,  and  hydrogen  which  produces  the  resulting  structure  of  a  typical 
monovalent  — tal  hydroxide,  MOB,  the  combination  of  boron,  oxygen,  and 
hydrogen  atoms  forms  a  most  stable  linear  structure,  H  ~  B  *  0,  in  which 
boron,  now  trivalent,  is  not  the  terminal  atom  but  the  central  atom.  The 
ground  state  HBO  structure  is  thought  to  lie  between  40  and  50  kcal/mole  lower 
in  energy  than  the  corresponding  metalloid  hydroxide,  BOH,  which  thus 
represents  a  local  on  the  B  4-  0  +  H  potential  surface.  The 

substantial  energy  increment  separating  the  BOH  and  HBO  structures,  the 
significant  changes  (decrease)  in  bond  angle  which  can  accompany  the  lowest 
energy  transitions  in  these  "HAB  **  HBA"  molecules,  and  the  bonding  trends 
associated  with  the  Group  IIIA  elements  suggest  that  one  might  take  advantage 
of  a  photochemical  isanerlzatlon  process  in  which  BOH,  formed  in  a  kinetically 
controlled  environment,  is  converted  to  HBO.  liberating  considerable  energy. 
Gurvich  et  al.^®  and  more  recently  Michaels^^  have  assessed  the  isomerization 
process  and  the  appropriate  nature  of  the  barrier  to  hydrogen  migration  on  the 
lowest  ^A'  surface  as  one  converts  BOH  to  HBO.  Further,  Michaels  has  now 
examined  the  lowest  lying  ^A* ,  V',  and  ^A'  excited  surfaces.  The  results 
obtained  by  Gurvich  et  al.^®  and  Michaels^^  are  in  good  agreement  with  the 
calculations  of  previous  workers  sunmarlzed  in  Table  III.  The  only  spectro¬ 
scopic  work  on  the  system  comes  from  Lory  and  Porter^®  who  have  studied  four 
Isotopes  of  the  matrix  isolated  HBO  radical  deducing  the  data  summarized  in 
Table  IV. 

ttHa  ZZXt  Iqnlllbrlia  CMaatriaa  tot  Bonn  Boood  BSC  Spoeloo 

■b-x»  ^  ^ 

BBO  I.IM*.  1.165^  1.202*,  1.192^ 

lit.  vmlou  l.nB*.  1.153<*.  I.IST*  1.177®,  1.199*,  1.205* 

BOS  0.937*.  0.9*7^  1.275*,  1.297*» 

lit.  tralono  0.936*,  0.950*  1.291*.  1.295* 

«.  J.  Tymll,  J.  Ftapa.  Chan.  |3.  2906  (1979). 

b.  T.  S.  Zyubiaa,  0.  P.  Chaikin,  and  L.  V.  Cimlek,  Zb.  Stnikt.  Zhla.  2&, 

3  (1979). 

e.  C.  Ibonpaon  and  B.  J.  Vlahart.  fliaor.  Cbla.  Acta.  2i>  267  (1974). 
d.  M.  L.  SiMan  and  J.  TpmU.  J.  An.  Chan.  Soc.  9^.  3960  (1977). 
a.  r.  Bouclntlna.  Omb.  Rqrs.  231  (197B). 

XABLB  Xft  fcaquanelaa  (en*^)  Obaamd  far  BBO  la  an  Ar|oo  Hatrln 


b1>B0 

Zaoto|le  apaelaa 

glOpo  Dllpo 

dIObo 

3 

2 

3 

(2849)*  1 

754 

1817 

(2784)* 

764 

1855 

2259 

606 

1648 

2303 

617 

1663 

Vibration 

Spoelaa 

Product  Inla  Calcnlatlona  for  BBO 

laotopa  pair  (v.V3)/(v.*vj*) 

X/X'  Obad  Calcd 

V2/V2* 

Obad  Calcd 

9 

9 

9 

dJ^/dJ}bo 

bJ«bo/b“bo 

bJJbo/bJJbo 

1H«B0/I>**B0 

1.029 

1.031 

1.013  1.013 
1.244  1.243 
1.018  1.019 

a.  Caleulatad 
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A  simple  description  of  the  isomerization  process  BOH  HBO  can  be 
obtained  within  the  framework  of  the  valence  states  model.  Because  the  boron 
atom  oust  undergo  a  promotion  of  the  type  2s^2p  -»  2s2p^  in  the  course  of 
rearrangement  and  the  corresponding  excitation  energy  of  an  electron  from  the 
2s  to  the  2p  level,  estimated  from  atomic  spectra,  is  fairly  large  ('v  80-90 
kcal/mole),  the  path  for  migration  of  hydrogen  from  oxygen  to  boron  is 
expected  to  show  a  high  potential  barrier  associated  with  the  promotion  of  the 
boron  atom.  This  picture  is  confirmed  by  ab-initio  calculation. 

Gurvich  et  al.^^  in  studying  the  BOH  HBO  rearrangement,  have  generated 
the  minimjm  energy  path  diagram  depicted  in  Fig.  3,  now  closely  confirmed  by 
Michaels. In  the  figure,  the  lowest  energy  configuration  (a)  corresponds  to 
the  linear  HBO  structure  with  a  formally  "trivalent"  boron  atom  and  optimum 


Cross  section  of  potential  energy  curves  shewing  the  aininia  energy 
path  for  the  rearrangeaent  BOH  ■»  HBO. 


bond  distances,  Kg_o  *  1.192,  °  1.165  %  (Michaels:  1.185,  1.167  %.). 

The  hydrogen  migration  has  a  high  potential  barrier,  requiring  formation  of 
the  cyclic  structure  (b) 


Cyclic  structure 


with  outimized  structural  parameters  Bupg  53°,  Rg-o  *  1*26  A,  and  Rqh  * 

1.419  A.  (Michaels  57°,  1.218,  1.413  0.  The  optimized  BOH  structure 
corresponds  to  configuration  (c)  with  9goH  '''  ^^5°,  Rfi-o  'V'  1  .30  Rq]}  'Vi  0.95  ^ 
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(Michaals  121. 1.300,  0.95)  at  an  energy  appreciably  above  ground  state 
HBO.  However,  the  BOH  molecule  is  quite  floppy  as  the  calculated  barrier  to 
the  linear  configuration  (d)  is  less  than  4  kcal/mole.  Calculated  energy 
Increments  are  indicated  in  Figure  3. 

The  height  of  the  potential  barrier  for  the  rearrangement  BOH  HBO 
measured  from  the  excitation  energy  of  the  configuration  (c)  lies  between  40 
and  50  kcal/mole.  comparable  to  the  40  kcal/mole  barrier  determined  for  the 
transformation  HNC  HCN.^^  However,  for  BOH.  the  configuration  (c)  is  much 
less  favorable  ('X/  40*50  kcal/mole)  than  that  for  ground  state  HBO  (config. 

(a))  whereas  the  difference  in  energy  of  the  HNC  and  HCN  structures  is  only 
9.5  kcal/mole.  It  is  most  significant  that  in  both  systems,  the  potential 
barrier  to  isomerization  is  large,  presenting  a  significant  obstacle  to 
interconversion.  Once  formed,  either  isomer  can  be  stable  for  an  extended 
period.  If  these  barriers  are  overcome  in  a  photochemical  process,  it  should 
be  possible  to  convert  the  energy  increments,  corresponding  to  the  sum  of  the 
photon  energy  and  the  relative  Isomeric  stability,  both  of  which  are  quite 
significant  for  the  BOH  <-»  HBO  interconversion. 

The  potential  for  \ising  the  BOH  ^  HBO  in ter conversion  process  as  a 
photochemically  Induced  energy  source  results,  in  part,  because  of  the  floppy 
nature  of  the  BOH  molecule,  and.  in  part,  because  of  the  plausible  existence 
of  routes  to  initiate  the  cyclic  interconversion  process  via  substantial 
decreases  in  bond  angle  which  accompany  optical  pumping  using  photons  within 
the  far  visible  or  ultraviolet  regions.  We  require  a  minimum  of  40  kcal/mole 
for  interconversion  of  BOH  to  HBO. 

We  suggest  that  (1)  excited  electronic  states  of  the  BOH  molecule  which 
lead  to  a  substantial  decrease  in  bond  angle  may  well  be  available  to  absorb  a 
photon  in  the  visible  or  near  ultraviolet  and  (2)  that  the  resulting 
excitation  in  the  HBO  product  might  well  be  extractable  in  the  form  of  a 
significant  and  usable  energy. 

Michaels  has  calculated  portions  of  the  ground  ^A*  as  well  as  the  a  ^A' , 
b  ^A”.  and  A  ^A'  excited  state  surfaces.  The  a  ^A' .  b  ^A",  and  A  ^A'  ^cited 
states,  with  calculated  excitation  energies  of  2.37.  3.01  and  5.86  eV.^^ 


respectively,  bear  a  close  analogy  to  the  manifold  of  states  in  the 
isoelectronic  BF  molecule  whose  a  and  A  states  lie  at  'v  3.61  and  6.34 


eV.  respectively. 

While  the  a  ^A'  -  X  ^A'  transition  is  forbidden  to  first  order,  the 


system  should  be  possessed  of  a  small  (but  useable)  oscillator  strength  due  to 
intensity  borrowing  from  the  allowed,  higher  lying  A  ^A*  -  X  ^A'  system 
^^calculated  “  0.28^^).  Indeed,  the  analogous  a  ^  *  X  intercombination 
band  system  of  BF  is  readily  observed  in  “single  collision"  chemiluminescence 
(Fig.  4)  when  boron  atoms  react  with  F2  (or  CIF).  The  -  X  component 
of  the  observed  fluorescence  results  from  an  Intensity  borrowing  involving  the 
A  state  at  6.34  eV.  whereas  the  -  X  intercombination  transitions 

borrow  intensity  from  the  B  state  at  7.85  eV.  The  observation  of  the 
intercombination  band  systems  in  BF.  the  floppy  nature  of  the  BOH  radical,  and 
the  lone  pair  orbitals  on  the  boron  atom. .  suggest  that  transitions  in  the 


visible  or  ultraviolet,  based  on  a  small  but  useable  oscillator  strength  for 
the  BOH  a  ^A*  -  X  ‘A*  transition,  will  be  accessible,  resulting  in  a 


substantial  decrease  in  bond  angle  and  thus  promoting  formation  of  the  cyclic 
(BOH.  HBO)  conformation.^^  Michaels^^  recent  calculations  confirm  this 


possibility. 

At  the  UHF/6-31G*  level  of  description.  Michaels  finds  that  the 
intriguing  low-lying  a  ^A'  excited  state  appears  to  exhibit  two  minima.  The 
first  of  these  minima  (Fig.  5)  corresponds  to  a  BOH  angle.  6.  of  114.2^ 


174 


Fig.  4 


Oiwil— liwicMit  apmttxvm  tor  th*  ruetlM  of  botoa  otom  and 
tlonriam  aalMtOM.  The  •pMtna.  okMUM  mdnt  oinglo  colli*  ian 
cf^itioofl  «c  o  coaoiuCloa  of  ik,  corraapoBdo  co  elM  if  o^n  * 

X^X*  troaaitioa. 


VIUVIUNCTH  (1) 

Whereas  a  second  lower  energy  mlnisnim  corresponds  to  Q  'v  29.8^.  In  contrast 
to  the  floppy  ground  electronic  state,  the  first  minimum  of  the  state  is  a 
substantial  0.91  eV.  lower  in  energy  than  the  linear  configuration.  Further, 
the  calculated  second  minimum,  although  separated  from  the  first  by  a 
substantial  barrier  associated  with  the  ^A*  transition  state  (9  'v  63.7®),  lies 
an  additional  0.66  eV.  lower  in  energy.  If  we  pump  from  a  nearly  linear 
configuration  of  the  ground  electronic  state  to  the  ^A*  state  with  photons  of 
energy  ‘v  2.75  eV. ,  the  resulting  excitation  should  produce  a  substantial 
decrease  in  bond  angle  as  the  BOH  molecule  finds  itself  initially  0.91  eV. 
above  the  outer  minimum  of  the  ^A*  potential.  If  calculations  at  a  higher 
level  of  sophistication  indicate  a  lower  ^A*  transition  state  energy  (Fig.  5), 
it  is  apparent  that  the  molecule  can  easily  bend  to  an  angle  close  to  6  «  53- 
57®.  Thus,  with  a  photon  at  the  fringes  of  the  visible  region,  it  appears 
feasible  to  accomplish  the  BOH  HBO  inter conversion. 

Can  BOH  be  made  and  what  are  the  consequences  of  its  photochemical 
conversion  to  HBO?  We  assume  that  HBO  is  at  least  40  kcal/mole  more  stable 
than  BOH  and  must  be  reached  through  a  cyclic  intermediate  which  is  >  50 
kcal/mole  higher  in  energy  than  BOH.  The  process 

BOH  +  hv  -►  BOH*  HBO 


will  therefore  release  in  excess  of  90  kcal/mole,  corresponding  to  a  specific 
enthalpy  in  excess  of  3.33  kcal/gram  or  13.93  MJ/kg. 

It  should  be  possible  to  produce  the  BOH  radical  using  a  number  of 
chemical  routes.  At  temperatures  approaching  1000®C,  the  BOH  and  BOD  radicals 
can  be  produced  (in-situ  synthesis)  by  passing  H2O  (D2O)  over  boron  in  a  flow 
system. This  approach  must  be  applied  with  some  care,  however,  for  at 
teaqperatures  in  excess  of  1200®C,  it  will  likely  lead  to  substantial  HBO 
production.  It  should  also  be  possible  to  form  the  BOH  radical  through  the 
reaction  of  an  intense  boron  atom  beam^^  with  water  vapor  or  dilute  hydrogen 
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Bond  Angle  (degrees) 

Fitur*  5<  C«lcttl«t«d  portions  of  tho  X  ^A*  snd  s  ^A*  surfscos  of  HIO,  BOB  ss 
a  function  of  bond  angla  ■iniaisod  to  tha  and  Rg.g  Luid 
diatancaa  for  individual  anglas  aftar  Michaala^*  (aaa  alao  Fig.  3). 


peroxide.  The  action  of  sodium  hydroxide  on  boron  at  temperatures  between 
500  and  800°C  can  also  produce  the  radical,  albeit  in  a  much  more  deleterious 
environment. 

Lory  and  Porter  obtained  the  HBO  radical  (Table  IV)  as  one  of  the 
photolysis  products  of  H2B2O3  illuminated  by  either  a  low  pressure  Xencm  lanqp 
(LiF  window)  with  radiation  of  wavelength  1480  t  lOA  or  a  medium  pressure 
mercury  lamp  9  1849a.  These  authors  not  only  identified  HBO  but  also  B2O3  as 
the  product  of  the  photolysis  of  H2B2O3.  Lory  and  Porter  identified  at  least 
one  product  channel  in  addition  to  those  leading  to  HBO  and  B2O3.  They 
observed  a  band  at  3367  cm~^  which,  on  the  basis  of  deuteration,  could  most 
reasonably  be  assigned  to  a  hydrogen  bonded  OH  stretching  vibration.  Further, 
they  observed  bands  between  1380  and  1440  cm'^  which  they  suggested  might  be 
associated  with  a  hydrogen  bonded  complex  formed  by  the  intrasiolecular 
transfer  of  H  at<»DS  from  boron  to  oxygen  sites.  It  is  striking  that  the,  BOH 
isoelectronic,  BF  ground  state  vibrational  frequency  is  1378.2  cm'^.  It  would 
be  reasonable  to  suggest  that  BOH  or  a  hydrated  BOH  is  produced  as  a  matrix 
trapped  vacuum  ultraviolet  photolysis  product  of  H2B2O3.  We  might  ask  why 
this  BOH  constituency  was  not  converted  to  HBO  in  the  photolysis  process.  We 
suggest  that  the  photolysis  wavelengths  employed  in  the  Lory  and  Porter  study 
(1458  and  1849^1)  are  at  too  high  an  energy  and  encompass  too  narrow  a  range  to 
access  regions  of  the  BOH  excited  state  potential  which  are  readily  amenable 
to  a  considerable  bond  angle  decrease,  rearrangement,  and  formation  of  the 
cyclic  structure  (analog  of  a  V-N  transition  in  HBO).  It  would  be  interesting 
to  discern  whether  photolysis  in  the  ultraviolet  after  the  vacuum  uv 
photolysis  of  H2B2O3  will  lead  to  the  conversion  of  the  "BOH"  constituency  to 
HBO. 

Given  the  formation  of  the  BOH  radical  via  the  multiplicity  of  synthetic 
techniques  which  we  have  outlined,  it  will  be  desireable  to  characterize  the 
radical  in  the  gas  phase,  studying  its  absorptions  in  the  ultraviolet  and 
infrared  regions. The  electronic  spectroscopy  can  be  accoiiq>lished  with  a 


Nd:YAG  pumped  dye  laser  system  operative  in  the  visible  and  ultraviolet 
wavelength  regions  (550  k  1  k  250  nm).^^  In  coincidence,  it  will  be 
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appropriate  to  deposit  formed  via  in- situ  synthesis^^  into  a  matrix 
environment*  again  establishing  the  range  of  optical  excitation  required  to 
induce  the  isomerization  BCffl  *  HBO*  determining  the  concentration  of  B(^ 
radicals  which  can  be  achieved  as  %iell  as  the  efficiency  of  the  isomerization 
process  with  increasing  concentration.  It  should  also  be  possible  to  monitor 
the  formation  of  the  BOH  radical  by  observing  its  infrared  spectrum  which  we 
suggest  will  be  characterized  by  infrared  bands  in  the  regions  close  to  1380 
and  3370  cm~^  (B-^  and  0-H  stretch)  as  well  as  a  bending  frequency  in  the 
range  800-900  cm~^.  The  interconversion  of  the  BOH  radical  to  HBO  should  be 
characterized  by  developing  HBO  infrared  absorptions  which*  in  a  matrix 
environment*  will  be  Identical  to  those  summarized  in  Table  IV  and  which 
should  be  similar  in  the  gas  phase.  The  HBO  frequencies  are  certainly  quite 
distinct  from  those  of  BOH  and  therefore  the  interconversion  process  should  be 
readily  assessed  using  conventional  IR  absorption  spectroscopy. 
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Introduction 

The  study  of  the  nonbonding  van  der  Waals  interaction  between  metal  and  rare  gas 
atoms  continues  to  be  of  great  interest.  In  part,  this  interest  follows  from  a  desire  to 
understand  atomic  interactitxis  for  both  ground  and  electronically  excited  systems  in  a  wide 
variety  of  chemical  systems.  In  addition,  the  elucidation  of  such  interactions  will  facilitate 
an  understanding  the  structure  and  dynamics  of  cryogenic  media  ctmtaining  isolated  metal 
atoms,  as  well  as  an  understanding  of  gas-phase  collision  dynamics. 

Boron  is  the  lightest  member  of  the  group  13  elements,  and  little  is  known  about  its 
ntmbonding  interactions  with  stable  molecules.  We  present  here  the  results  of  a  combined 
experimental  and  theoretical  study  of  the  BAr  van  der  Waals  complex,  in  particular  the  B 
^2*  -X  2ni/2  electronic  transition  of  the  H»10BAr  isotopomers,  which  correlates  with  the 
borem  ammic  3s  ^S-2p^P  transition.^  Rotational  and  vibrational  analyses  have  been 
carried  out  to  derive  information  on  the  low-lying  electronic  states.  Information  on  the 
repulsive  portions  of  the  X  and  A  states,  both  of  which  correlate  with  the  B(2p  ^P) 

+  Ar  asymptote,  has  also  been  obtained  from  analysis  of  bound-free  emission  spectra  from 
various  excited  B  vibrational  levels.  In  conjunction  with  these  experiments,  ab  initio 
calculations  of  the  B  +  Ar  interaction,  in  the  X  A  and  B  ^Z'*’  states,  were 
performed  In  order  to  obtain  accurate  interaction  energies,  multireference,  internally 
contracted  contiguration-interaction  calculaticms  were  carried  out.  The  informatitm  derived 
on  theses  states  from  experiment  and  theory  agree  reasonably  well. 

Experiments 

Boron  atoms  were  produced  by  193  nm  photolysis  of  diborane  diluted  in  a  H^Ar 
mixture,  and  the  van  der  Waals  complex  was  formed  in  the  supersonic  expansion.  A  set  of 
4  rotationally  resolved  bands  of  the  (v',0)  progression  of  the  B  2Z^  -  X  2ni/2  electronic 
transiticMi  of  the  iMQBAr  isotopomers  was  observed  and  analyzed.  The  low  rotational 
temperature  of  the  beam  prevented  observation  of  spin-orbit  excited  levels.  The  upper  state 
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vibntkmal  quantum  numbers  were  assigned  from  the  observed  isotope  splittings. 
Additionally,  two  higher  v'rotationally  unresolved  bands  were  observed.  The  large  line 
widths  in  these  bands  indicate  diat  die  upper  levels  are  quasibound  levels  which  are 
piedissociating  through  a  banier.  Vibrational  and  rotadcmal  constants  were  derived  from 
fits  to  die  observed  transition  wavenumbers.  It  was  found  that  the  X  state  had  a 

significant  A  doubling,  because  of  the  presence  of  the  low-lying  A  state,  and  it  was 
possible  to  determine  the  parameter  po".  Table  1  presents  the  spectroscopic  parameters 
olxained  fiom  this  analysis  of  the  rotationally  resolved  bands.  The  intoisity  of  the  lowest 
wavenumber  member  (v'  =  4)  of  the  (v',0)  progression  was  too  weak  to  allow  high- 
lesolution  scans  and  hoice  determination  of  die  upper  state  rotational  constant 


Table  1.  Spectroscopic  constants  (in  cm~^)  derived  for  the  bound  states  of  ^ 


State 

Level 

Psffamem 

llBAr 

10b  At 

< 

< 

II 

o 

Bo" 

0.1503(5) 

0.1617(6) 

PO" 

-0.0269(13) 

-0.0302(17) 

v'=5 

Bv' 

0.2906(5) 

0.3113(5) 

v'  =  6 

By 

0.2721(5) 

0.2881(4) 

v'  =  7 

By 

0.2476(4) 

02582(5) 

Derived  constants  for  l*BAr(B 

©e  =  208.5(20) 

Be  =  0.4178(16) 

WeXe  =  8.04(16) 

Oe  *  0.02267(23) 

Also  included  in  Table  1  are  the  derived  values  of  the  parameters  co^,  c%Xe,  and 
Oe  for  ^^BAr  from  a  fit  to  all  the  term  values  and  rotational  constants  for  the  l  l*lOBAr(B 
22^  isotopomers.  These  data  were  employed  to  derive  an  RKR  potential  for  the  lower 
portion  of  the  B  potential  energy  curve,  which  will  be  presented  below  when  it  is 

ctmipared  with  the  theoretical  calculations.  From  the  derived  value  of  we  estimate  the 
equilibrium  intemuclear  separation  to  be  2.162(5)  A.  In  addition  to  4  bound  vibrational 
levels,  we  also  observed  features  (assigned  as  v'  =  8  and  9)  with  large  line  widths, 
indicating  that  these  levels  are  quasibound.  From  the  vibrational  parameters,  we  estimate 
that  the  first  such  level  (v'  =  8)  lies  1186(6)  cm"^  above  the  bottom  of  the  B  ^2^  well. 

With  an  estimate  of  theX  dissociation  energy,  we  can  compare  the  energy  of  this  level 
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wilh  that  of  the  B(3iS  ^5)  +  Ar  asymptote.  Employed  our  ab  initio  estimate  Do"  (given 
below),  we  find  that  the  v' s  8  level  of  ^^BAr  lies  1 12  cm~l  above  the  atomic  asymptote. 
The  next  lower  state  (v' »  7),  whose  rotadcuial  lines  do  not  show  appreciable  broadening, 
is  also  found  to  lie  above  the  atomic  asyn^tote  (by  38  cm~l).  This  indicates  that  the 
exdied  electronic  state  has  a  barrier.  Such  a  barriers  at  long  range  have  been  infened  in 
HgAi^  and  HgNe^  fimn  observation  of  bound-fiee  double  resonance  q[)ectra. 

We  have  also  taken  diq)ersed  fluorescence  spectra  for  excitation  oi  several  ^  ^BAr(B 
vibrational  levels.  Because  of  die  large  difference  in  the  equilibrium  intemuclear 
separation  between  theJK^  and  JB  ^  states,  this  emission  occurs  mainly  to  the  rqmlsive 
wall  of  the  lower  state,  as  well  as  to  the  A  ^  state.  Thus,  comparison  of  the  experimental 
emission  with  simulated  spectra  calculated  using  the  ab  initio  potential  energy  curves  will 
provide  an  independent  test  of  the  validity  of  tire  calculations,  especially  of  the  repulsive 
portions. 

Emission  spectra  were  taken  for  excitation  of  llBAr(B  v'  =  5-8  levels.  Figure 
1  presents  the  spectrum  for  v'  =  6.  The  spectra  are  similar  for  v'  =  5  and  7,  except  that  the 
maxima  occur  at  larger  (smaller)  wavenumber  shifts  for  smaller  Oarger)  v'.  The  undulatory 
behaviOT  of  the  spectra  reflect  interferences  between  the  upper  state  vibrational  and  lower 
state  continuum  wave  functions.  The  spectrum  for  v'  =  8  is  dominated  by  the  B  3s  -  3p 
atomic  transition  since  predissociation  of  the  excited  BAr  state  yields  B(3s  ^S)  atoms. 


energy  relative  to  asymptote  (cm'^) 


Figure  1.  Dispersed  emission  spectrum  for  excitation  of  the  v'  =  6  level  of  ^  ^BAr.  The 
experimental  spectrum  is  compared  with  a  simulated  spectra,  as  described  in  detail  in  the  text 

Theoretical  Calculations 

The  ab  initio  determination  of  the  B  +  Ar  potential  energy  curves  were  carried  out 
with  a  sptffg  Gaussion  basis  set  built  Dunning's  recent  correlation-consistent  valence 
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quadruple  zeta  basis.^  For  the  Ar  atom,  the  primitive  basis  (16r  1  Ip3d2/1^)  was  contracted 
to  (6/5/3/2/1),  while  for  B  die  (12/6/3/2/1)  primitive  basis  was  contracted  to  (5/4/3/2).  The 
final  basis  consisted  of  164  contracted  Gaussian  functions.  For  each  atom,  one  additional 
diffuse  s,  p,  d^f,  and  g  function  was  added.  Complete  active  space  self-consistent  field 
(CASSCF)  calculations  with  3  electrons  in  4  active  orbitals  (2s  and  2p  of  B)  were 
performed.  State  averaging  was  employed  to  obtain  a  single  set  of  CASSCF  OTbitals  for 
the  X  X  ^y,  and  A  states.  Subsequently  multireference,  internally  contracted, 

configuration-interactitm  (MR-O)  calculations  were  carried  out  The  effect  of  higher  order 
excitations  was  estimated  by  the  multireference  version  of  the  Davidson  (D)  ctxrection  or 
die  multireference  averaged  coupled-pair  functional  method  (MR-ACPF)  of  Gadnitz  and 
Ahlrichs.  Additionally,  correlated  electron  pair  (CEPA-1)  calculations  were  carried  out 
For  calculations  on  the  B  state,  two  additional  diffuse  functions  were  added  on  the  B 
atom.  The  CASSCF  active  space  was  expended  to  include  the  3r  orbital  on  B.  All 
calculations  were  perfOTiiied  with  the  MOLPRO  suite  of  ab  initio  programs.^ 

Counterpoise  and  self-consistency  corrections  were  made. 

Figure  2  presents  the  calculated  potential  energy  curves  for  the  low-lying  X  ^11  and 
A  states.  The  X  state  is  found  to  have  a  well  with  dissociation  energy  Dg  =  94.7 
cmrl.  Thedissociationenergy  of  the  llBAr  zero-point  level  is  Do  =  75.1  cm~l.  TheA 
state  is  found  to  have  a  shallow  well  at  long  range  but  is  primarily  repulsive.  The 
calculated  potential  curves  for  the  B  state  are  compared  with  the  experimental  RKR 

curve  in  Fig.  3.  It  can  be  seen  that  calculated  curves  reveal  a  barrier  in  this  excited  state,  as 
anticipated  by  the  experimental  results.  It  can  also  be  seen  from  Fig.  3  that  binding  in  the  B 
state  is  achieved  only  after  the  inclusion  of  higher-order  excitations  (triple  and 


Figure  2.  Calculated  MR-ACPF  interaction  energies  for  the  X  ^fl  and  A 
of  B  At.  The  corresponding  CEP  A,  MR-CI,  and  MR-CI(D)  values  for  the 
X  state  are  indicated  by  open  circles,  filled  circles,  and  crosses,  respectively. 
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Discussion 

It  is  of  interest  to  compare  the  information  obtained  on  the  BAr  potential  energy 
curves  from  the  experimental  and  theoretical  portions  of  this  study.  For  the  X  state,  the 

ab  initio  calculations  predict  a  slightly  longer  average  intemuclear  separation  than  that 
infened  frcnn  die  experiments.  From  die  expoimental  value  of  Bq",  we  calculate  an 
average  separation  /fo  =  [  <R~^>ysO  =  3.606(7)  A,  while  the  theoretical  prediction  is 
3.703  A.  Since  the  theoretical  calculations  do  not  provide  a  complete  description  of  the 
electron  correlation,  we  anticipate  that  the  ab  imtio  estimate  of  the  well  depth  in  the  X  ^11 
state  will  b  elO-20%  too  low,  and  the  corresponding  value  of  /?e  slightly  too  large.  The 
latter  is  consistent  with  this  comparison  with  experiment  The  A  doubling  parameter  po" 
provides  information  on  the  average  separation  of  the  X  ^Tl  and  A  states.  A  theoretical 
modeling  of  this  parameter  yields  the  result  po"  ==  -0.0295  cm~^  in  reasonable  agreeixient 


with  the  experimental  value  given  in  Table  1. 

There  is  a  considerable  discrepancy  between  the  ab  initio  estimate  of  the  B 
well  dq>di  (455  cirri)  and  the  experimental  estimate  (~1 100  cm-l).  The  well  was 
uncovered  in  the  calculations  only  after  inclusion  of  higher-order  excitations  in  the  Cl  wave 


184 


function.  Peifaaps  a  fuller  variational  treatment  of  these  excitations  would  yield  a  deeper 
well  in  better  agreement  with  experiment  Both  the  experiments  and  the  calculations  reveal 
die  presence  of  a  barrier  at  long  range.  We  have  derived  an  experimentally  based  estimate 
of  die  height  of  the  barrier  by  ccxnparing  calculated  Lorentzian  widths  of  the  v'  =  8  and  9 
resonances  using  a  combination  of  the  experimental  RKR  potential  and  a  scaled  long-range 
ab  initio  potential  with  widths  estimated  from  die  experimental  spectra.  The  experimental 
line  widths  are  found  to  be  consistent  with  a  barrier  height  of  141  cm-l. 

We  have  also  modeled  the  bound  free  emission  spectra  for  the  radiative  decay  of  B 
excited  vibrational  levels,  using  the  hybrid  B  state  potential  derived  above.  In 
simulating  these  spectra,  the B  - X  and  B -A  emission  must  both  be  included  and 
weighted  properly.  Accordingly,  the  B  -  X  and  B-A  dipole  transition  moments  were 
calculated.  These  were  found  to  be  approximately  equal,  as  expected  in  the  atomic  limit, 
except  at  short  range.  In  order  to  get  good  agreement  with  the  experimental  spectra,  we 
found  that  the  lower  X  ^11  and  A  potentials  had  to  be  shifted  inward  by  0.2  A,  as 
shown  in  Fig.  1.  This  inadequacy  in  the  potentials  is  consistent  with  the  differences  found 
between  the  experimental  and  theoretical  estimates  of  Rq  for  the  ^  ^BAr  X  ^11  v'  =  0 
vibraticHial  level. 

In  conclusion,  we  believe  that  the  present  paper  shows  the  power  of  a  joint 
theoretical  and  experimental  investigation.  Although  the  ab  initio  estimate  of  the  X  ^11  and 
B  Zr*'  well  depths  are  low  and  the  estimates  of  the  equilibrium  bond  distances  too  large,  the 
calculations  gave  considerable  insight  into  the  character  of  the  molecular  wave  functions. 
The  expoimental  results  have  provided  a  critical  calibration  of  the  accuracy  of  these 
calculations  of  the  non-bonding  interactions  of  the  boron  atom. 
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It  has  beat  known  for  some  time  that  etemetal  boron  has  great  potential  as  a  high  miei^  density  fuel 
for  aeronautical  and  aerospace  applicaticms.  Shuriesofsolid  boron  particles  in  hydrocartxm  jet  fads 
have  Imig  been  investigated  for  air  breathing  propulsion  applications,  while  particulate  boron  has 
also  bem  considered  as  a  replaoement  for  aluminum  as  a  fad  component  in  soUd  rodcet  propellants . 
Ejuunples  of  the  latter  are  new  formulations  of  fluoroamino/nitxoamino/B(s)  mixtures  whidi  are 
also  of  high  interest  in  advanced  underwater  explosive  oonoqits  and  solid  lodret  ignition  systems. 


The  combustion  of  solid  particulate  boron  is  a  complex,  multiphase  process  whidi  includes:  (1) 
heterogeneous  ignition  and  volatization  of  boron  oxide  or  boron  flouride  surface  species,  (2) 
homogeneous  (gas  phase)  and  heterogeneous  (gas/surface)  oxidation  and  (3)  (in  a  hydrocarbon 
environment)  hmnogeneous/heterogeneous  crmdensation  leading  to  liquid  or  solid  E^C^.  This 
presentation  will  review  the  chemistry  of  boron  oxidation  with  emjdiasis  on  dfaits  to  modd  the  gas 
{diase  and  gas-surfaoe  reactions  governing  the  fast  two  stages  of  boron  combustion.  BothB/H/O/C 
and  B/H/O/C/F  combustion  systems  will  be  discussed.  Hourme  significantly  changes  the  doiniiiant 
reaction  pathwi^s  and  increases  gas  phase  reaction  and  heat  rdease  rates.  These  differroces  will 
be  discussed  in  relation  to  the  potoitial  advantages  in  propulsion  systems. 


THE  AUTHOR  DID  NOT  PROVIDE  AN  EXTENDED  ABSTRACT 
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THEORETICAL  STUDIES  OF  BORON  COMPOUNDS* 


Roberta  P.  Saxon 

Molecular  Physics  Laboratory.  SRI  International 
MmIIo  Park,  California  94025 


This  dieoretical  research  program  was  originally  based  on  the  premise  that  species  uiiich 
show  promise  as  hi^  energy  density  materials  may  exhibit  novel  braiding  mechanians  which 
distinguish  them  from  conventional  stable  molecules.  The  goal  of  die  program  was  to  theoretically 
evduatB  coogXHinds  coixqxised  d  first  row-atrans  that  mi^t  serve  as  the  basis  of  new  propulsirai 
schemes.  The  particular  classes  of  molecules  under  scrutiny  were:  (1)  electron  deficient 
compoonds,  certain  conqxxinds  of  B  and  Be  which  do  not  have  sufficient  valence  electrons  to 
distribute  two  per  chemi^  bond,  and  (2)  mixed  metal  clusters  of  the  form  Li^Bg^  As  the 
HEDM  program,  in  general,  and  this  research  program,  in  particular,  evdved,  emphasis  has 
shifted  frran  seddng  new  metastable  compound  to  serve  as  high  energy  fuels  by  themselves  to 
inqsoving  rai  conventional  liquid  hydrogen/liquid  oxygen  systems  by  devising  a  way  to 
incorporate  iqipropriate  adfitives  into  solid  hytogen. 


The  boron  atom  has  been  identified  as  a  proixnsing  additive  to  SH2.  The  combustirai 
energy  of  Bis  second  rally  to  that  of  Be,  among  the  first  tow  atrans^  and  model  calculations  by 
Catridi^  have  precficted  action  of  5  mole  percent  of  boron  atoms  to  SH2  would  results  in  an 
increase  in  dteoietical  1^  of  80  seconds  or  21%  over  1JH^/L02.  In  studying  the  effects  of 
additives,  one  needs  knowledge  of  all  possible  cotrqroun^  of  boron  and  hydrogen.  We  review 
here  the  calculations  on  the  BH4  radical  completed  under  this  program  and  report  on  the 
calculations  of  the  previously  unexplored  excited  states  and  correlation  diagram  for  BH2. 


STRUCTURE  AND  ENERGY  OF  THE  BH4  RADICAL 


In  tins  work,  geometries  of  BH4,  the  dissociation  products  BH2  +  H2  and  BH3  +  H,  and 
tbe  possiUe  transition  state  for  the  addition  reaction  d  and  H2  were  optimized  at  Ae  MCSCF 
level  with  a  B(4s3p2d)I^4s2p)  basis  set  As  illustrated  in  Table  1,  the  minimum  geranetty  for  BH4 
is  predietBd  to  have  C2y  symmetry  with  one  pair  of  short  B-H  bonds  and  one  pair  of  Iraiger  B-H 
bonds.  The  stmeture  may  be  described  qualitatively  as  a  BH2  molecule  to  which  a  stretched  H2  has 
been  added  in  the  perpendicular  plane.  Analysis  of  the  wavefunction  indicates  tiiat  of  the  sevrai 
valence  electrons,  four  are  craiudned  in  the  B-H,  and  B-Hf,  bonds  while  there  are  only  tinee 
dectrrais  contained  in  the  longer  B-H^,  B-H^  bemds.  Comparison  with  calculations^  of  tiie  C2V 
symmetry  bidentate  form  of  the  ionic  compound  LiBH4  is  also  given  in  Table  1.  In  this  form,  the 
metal  km  lies  in  tiie  H^-B>H^  plane.  The  principal  observation  is  that  the  longer  bonds  in  LiBH4 
me  shorter  tium  in  BH4  due  to  the  additional  electron  in  the  itxneQr  as  compared  witii  tiie 


radicaL 
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Tabi*  1. 


BHi* 

B4la 

1.201  A 

1.200  A 

B41e 

1.315A 

1.253  A 

131.7  • 

115.2  • 

44.4  • 

109.1  • 

HcrHd 

O.994A 

2.041  A 

\lC8CF/TZP(mi«Mifc) 
^Rmiondo,  at  ftef.  3. 


Hanncxiic  fiequendes  for  BfiL  and  UBiL  are  Usted  in  Table  2,  which  indudes  a 
qualitative  deyription  of  the  modes.  iWnal  mo^  (rfBI|4  conesqponding  to  die  BH2  symmetric 
nd  asymmetric  stretches  (ai  and  b2  symmyries  re^wcdvdy)  can  be  easily  identified.  Considering 
die  other  hydrogens,  HgaMH^i,  together  with  the  central  atom  as  a  BH^unii,  the  comaponding 
modes  may  also  be  noted  widi  reduced  firequendes,  as  expected  fiom  die  longer  bond  lengdis. 


Table  2. 

CALCULATED  HARMONIC  FREQUENCIES 
(cm*'*) 


BH4> 

ai 

1832 

2534 

1520 

2086 

1003 

1413 

751 

996 

bi 

1396 

1962 

497 

634 

b2 

1999 

2656 

783 

1053 

62 

628 

888 

UBH^b 


BH2  Rfm  Stretch 

2570 

^  (long)  sym  stretch 

2133 

scissors  (in  phase) 

1500 

sdssofs  (out  of  phue) 

1261 

BH2(long)  asym  stretch 

2059 

reck 

1170 

BH2  asym  stretch 

2612 

tarist 

1342 

Wrist 

1244 

\lCSCF/TZP(thi>wofk). 
^Ramondo,  at  al..  Rat.  3. 


BH2:  2456  sym  stretch 
2636  asym  stretch 
1022  bend 
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Retative  energies  for  the  6^4  system  determined  firmn  multireference  single-  and  double- 
Q  calculations  using  MCSC7  molecular  orbitals  are  rqxated  in  Tidde  3.  The  electronic 
energy  of  die  mmimiim  is  predicted  to  lie  1923  kcalAnol  below  BH3  H  and  20.10  kcal/mol 

below  BI^ -I*  H2.  Including  our  calculated  zero  point  energies,  the  BH4  species  is  bound  by 
14,83  and  14.55  kcalAnol,  respectively,  widi  respect  to  BH3  +  H  and  BH2  +  H2.  Values  for  the 
heat  of  finnatkm  of  B^4  and  dissociation  limits  at  OK  and  298  K  are  also  list^  in  Table  3.  We 
have  diosen  to  base  these  numbers  at  0  K  on  a  value  of  22  kcalAnol  for  AHf°(BH3),  taken  from 
oqierimental^  and  dieoretical^  work,  and  the  standard  value  of  51.6  kcalAnol  to  H.  Corrections  to 
298  K  were  following  die  procedure  given  by  Pople  et  aL^  Note  that  while  the  value  in  the 
JANAF  ewrpilarion^  to  AHf*(BH3)  of  26.4  kcalAnol  is  reasonably  similar  to  the  22  kcalAnol 
value  ado|ned  here,  the  JANAF  tables  give  an  incorrect  value  to  dHf°(BH2)  of  48.3  kcalAncd  as 
compared  widi  73.3  kcalAnol  calculated  in  this  woA. 


Table  3. 

BH4  SYSTEM  HEATS  OF  FORMATION 
(kcal/mol) 


Relative 

Energy/ZP 

AH^® 

BH4 

-14.83 

S8.5 

56.6 

0.0 

73.6 

73.2 

BH3<t>H2 

•0.28 

73.3 

73.4 

BH2 

JANAF  entry* 

48.3 

AlANAF  thwmodwmical  Tablas.  Third  Edition.  J.  Phys.  Chom.  Rot.  Data  14, 51  (1 985). 

Fun  details  of  our  calculations^  of  BH4  are  given  in  apaper  diat  will  appear  in  die  Journal 
of  Physical  Chemistry  late  in  1993. 

EXCITED  STATES  OF  BHj 

Accurate  predictions  of  the  1,^  resulting  from  borcm  atoms  or  small  molecules  cmtaining 
boron  as  additives  to  solid  hydrogen  requires  accurate  heats  of  formation.  As  pan  ctf  the  gas  phase 
spectroscopic  experimental  program  at  Ae  Phillips  Laboratory,  Catrick  and  Brazier  have  been 
investigating  the  spectrum  of  the  B2  molecule  produced  by  corona  discharge  of  diborane  in 
hdium.^*^  It  was  originally  hypothesized  that  unutentified  lines  in  that  investigatum  around  7000  A 
could  be  due  to  BH2,  althouj^  it  was  later  shown^  that  they  can  be  attributed  to  B2.  While  die  two 
lowest  states  of  BH2,  die  X  and  A  ^Bj,  have  been  characterized  experimentally^  and 

theoretically^^  we  were  unaUe  to  find  any  previous  knowledge  of  tte  higher-lying  excited  states  of 
Bl^  Therefrne,  we  have  theoretically  pr^cted  the  excited  state  spectrum  of  the  BH2  molecule. 

The  principal  results  of  our  investigation  are  presented  graphically  in  the  correlation 
Hiagram  in  HguTO  1.  In  constructing  this  ^gram,  the  heat  of  formation  determined  in  our  study  of 
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BH4  was  used  along  with 
tabulated  atomic  levels  and 
BH  mcdecular  excitatioa 
energies  calculated  in  dus 
woric.  The  adiabatic 
conelations  have  been 
drawn  in  planar,  Cs 
symmetry.  The  energetics 
give  die  BH2  ground  state 
bound  by  83.6  ImalAnol 
(3.62  eV)  widi  respect  to 
BH-f  H  including  zero 
point  energy  and  by  S7.7 
kcalAix>l(2J7eV)with 
respect  to  BH  +  H. 

The  energies 
displayed  here  were 
deteraoined  Second 
OrderacSOCD 
calculations  using  state- 
averaged  MCSCF  orbitals 
with  the  basis  set  firom  our 
study  of  BH4  extended  by 
two  3s  and  two  3p  diffuse 
functions  on  bon»  and  one 
diffuses  and  p  on  hydrogen,  bi  each  molecular  symmetry,  the  active  space  in  the  MCSCF 
calculation  was  extonded  by  die  apprqgiatenumto  to  accommodate  the  B  3s  and  3p  Rydberg 
orbitals  of  that  symmetry.  The  energies  labeled  BH2  bent  in  Hgure  1  have  been  plotted  at  the  BH2 
ground  state  geometry  bond  length  »  U06  A  and  bond  angle  « 127 ).  At  ^  geometry,  the 
3s  Rydberg  state  lies  5.72  eV  above  the  ground  state  and  the  diree  components  of  die  3p  state  lie 
betu^  6.61  and  6.84  eV.  However,  the  underlying  BH2'''  ion  has  a  linear  geometry.  One  would 
therefore  eiqiect  the  Rydberg  states  to  have  a  strong  dependence  on  bond  angle.  This  effect  is 
illusitaiBd  in  Hgure  2  where  die  excited  states  are  shown  adiabadcally  in  C2y  symmetry  as  a 
function  of  bmid  angle.  The  excitadon  energies  at  the  linear  geometry  (R(BH)  >  1J206  A, 

8  s  18(F)  are  also  shown  in  Hgure  1.  All  of  the  Rydberg  states  are  predicted  to  have  a  linear 
equilibrinm  geonoetry  as  are  die  valence  excited  states  with  die  exception  of  the  third  ^B2,  die 
highest  state  plotted. 

The  possiUe  transitions  diat  could  be  observed  experimentally  in  entisskm  have  been 

calculations  of  the  transition  moment  at  the  linear  geometry ,  The  crude  estimate  of 
die  band  oscillator  strength,  fs2/3AE<i>^  was  used  along  with  die  stands^  relation^p  between 
osctUaior  strength  and  Einstein  A  coefBcient  For  the  calculations  of  the  transition  moment,  the 
wavefonctions  were  tecon^uted  in  a  common  orbital  set  The  allowed  vertical  nansitions  widi 
significant  soengdi  are  di^layed  in  Hgure  3  whoe  die  wavelengdi  in  run  and  Einstem  A  value  in 
sec*^  are  shown.  Although  the  3s  Rydberg  state  is  likely  to  be  predissociated,  the  rich  excited  stare 
structure  of  BH2  should  lead  to  emissions  that  may  be  observed  experimentally. 
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Figure  1.  Correlation dagram tor BH2.  Statesare 
oofviected  adiabaticaily  in  Ct  symmetry.  Bent  geometry: 
Calculated  equiObrium  geometry  of  the  X^Ai  state 
(Ra1.206A6*i  127<^.  Linear  geometry:  R«1.206A;BH 
asymptote:  Rail. 206A  Energies  from  second  order  Cl 
calculations. 
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Figure  2.  BHg  exdtad  states  as  function  of  bond  angle  for  R(BH)«1^06>A.  States  are 

connected  acfiabatically  in  C2v  symmetry.  Energes  from  second  order  Cl  calculations. 
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Figure  3.  Vertical  transitions  in  emission  for  linear  BH2(R-1 .206A,  0s1 80**).  Transitions 

labeled  by  wavelength  in  nm  (tr^  line)  and  A  vaiue  in  sec*^  (lower  nne),  estimated  as 
described  in  the  text. 
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Potential  Energy  Surfaces  for  the  B--H2  van  der  Waals  Molecule  and 
Studies  of  the  B-**(p-H2)n  Complexes 
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Department  of  Chemieiry  and  Biockemietry,  Unwereity  of  Maryland 

College  Park,  MD  20742 


Motivated  by  the  ongoing  experimental  woric  on  reactions  of  electronically  excited 
B  with  and  on  the  spectroscopy  of  B  in  molecular  hydrogen  matrices,^  we  have  un¬ 
dertaken  the  ab  initio  determination  of  the  potential  energy  surfaces  which  are  accessed 
by  the  approach  to  H2  of  B  in  its  ground  (2s^p  ^P)  electronic  state. 

The  complicating,  and  challenging,  feature  of  the  B—H2  system,  as  compared  to  the 
interaction  of  an  S-state  atom  [Li(2s)  or  Mg(3s^)]  with  H2,  is  the  additional  complexity  in¬ 
troduced  by  the  threefold  degeneracy  of  the  2p  orbital.  In  this  respect,  the  B"*H2  system 
is  analogous  to  the  interaction  of  H2  with  grotmd-state  F(2s^p®*P)*  or  CC2s^2p*®P)^  or 
with  electronicaUy  excited  Na(3p  *Be(2^  ^Pf  or  Mg(3s3p  ®  Particular 
study  has  been  made  of  transformations  from  an  electronically  adiabatic  potential  sur¬ 
faces  to  an  electronically  diaJbatic  representation.^'*’  ** 

In  general,  the  interaction  of  an  atom  in  a  P  electronic  state  with  H2  can  be  attrac¬ 
tive  if  a  singly  filled  p  orbital  lies  parallel  to  the  H2  molecule  and  is  thus  able  to  interact 
with  the  unfilled  o*  antibonding  H2  orbital.  On  the  other  hand,  the  interaction  will  likely 
be  r^ulsive  if  a  singly  or  doubly  filled  p  orbital  points  directly  toward  the  H2  molecule. 

The  BH2  molecule  is  a  well  characterized  species  with  a  bent  structure^^  (H-B-H 
ang^e  131<>,  BH  distance  1.18  A,  molecular  symmetry  ^Ai).  The  B-H2  binding  energy  is 
substantial  (349  ±  65  kJ/mol).^^  Notwithstanding,  in  contrast  to  the  interaction  of  C(3P) 
and  Be*(^)  with  H2,  there  is  a  significant  barrier  to  molecular  formation,  since  the  H2 
molecule  must  be  significantly  stretched  before  insertion  of  the  B  atom  can  occur.  To 
demonstrate  this  we  carried  out  a  series  of  CASSCF)^*  calculations  at  a  total  of  1160 
points.  Approach  of  B  to  H2  on  all  three  potential  energy  surfaces  (l^A',  2^A\  l^A*)  is 
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initially  auffidaitly  rqniUdve  that  mdeenle  fonnation  would  not  be  poaaible  for  thermal 
▼elodtiea. 

Conaequently,  approadi  of  the  atom  to  H2  can  lead  only  to  a  wealdy- 

bonnd  van  der  Waala  adduct.  Multi-reference  ainj^ea  and  doublea  Cl  calculations  of  the 
three  B  -  H2  PES'a  were  carried  out  at  99  geometries  with  the  augmented  correlati(m- 
ccmsistent  valence-triple-aeta  (avfa)  basis  of  Dunning  and  eo-workers^^  (92  emtraeted 
functions)  with  the  Davidson  correction  for  higher  order  excitations.  Apidicadon  of  the 
standard  counterpoise  correction  can  be  done  unambiguously  oxily  after  transformatian 
to  a  diabatic  basis,  whidi  wfll  be  discussed  below. 

Contour  plots  of  the  three  adiabatic  PES's  are  shown  in  Fig.  1,  as  a  ftmcticm  of  the 
usual  Jacobi  coordinates  R  (the  distance  between  B  and  the  center  of  the  H2  molecule) 
and  0  (the  angle  between  R  and  the  H2  bond).  The  lA'  potential  mergy  surfiice  is  lowest 
in  energy,  with  the  twmimnm  in  perpendicular  geometry  (^J^  qrmnietry)  at  a  B-H2  dis¬ 
tance  of  8.11  A,  and  a  dissociation  energy  of  121  cm~^.  The  LA*  potential  energy  sur¬ 
face,  corresponding  to  the  out-of-plane  orientation  of  the  B  2p  orbital,  also  has  a  minimum 
in  perpendicular  geometry  symmetry)  at  a  B-H2  distance  of  8.86  A,  and  «  dissocia¬ 
tion  energy  Dg  of  68  cm**^.  The  higher  potential  energy  surfiice  of  A*  symmetry  (2A')  is 
repulsive  in  perpendicular  geometry,  but  has  an  attractive  well  in  coUinear  geometry  (£ 
symmetry)  at  a  B-H2  distance  of  8  J8  A,  and  a  dissociation  energy  of  75  cm~^. 

Asymptotically,  one  can  choose  the  three  degmierate  states  of  the  B  atom  to  corre¬ 
spond  to  a  nominal  orientation  of  the  B  ^  orbital  along  R  iPg) ,  perpendicular  to  R  but 
still  in  the  triatomic  plane  (Ps),  and,  finally,  perpendicular  both  to  R  and  to  the  triatomic 
plane  (Py).  As  the  B  atom  approaches  the  H2  molecule,  the  lowest  two  adiabatic  states  of 
A'  symmetry  can  represent  a  2  x  2  orthogonal  transformation  of  the  two,  asymptotically 
degenerate,  diabatic  states  of  A'  symmetry  (P,  and  P^.  This  transformation  can  be  rep¬ 
resented  by  a  single  traiutfonnation  angle  y(R,$),  as  follows: 

[Lil  [■«>./  mririil 

L2A'J  i-siny  cosyJLP*] 
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I%y>ieaDy,  the  angle  yaa  representing  an  orthogtmal  rotaiion  of  the  pair  of  in-plane  or- 
bitab  pg  and  p,.  The  magnitude  of  this  rotation  depends  on  the  position  of  the  H2 
molecule.  For  perpendicular,  geometry  the  Ai  state  always  lies  above  the  state 
so  that  the  rotation  ang^e  in  Eq.  (6)  is  always  0*.  For  linear  geometry  the  angle  yis  90*  at 
long  range,  where  the  £  state  lies  below  the  n  state  (p,),  but  switches  to  0*  at  shorter 
range,  where  the  11  state  crosses  below  the  £  state. 

For  the  van  der  Waals  interaction  of  an  atom  with  a  single  p  electron  outside  a 
closed  shell  and  a  dosed  shell  molecule,  where  the  interaction  is  expected  to  be  weak  and 
no  bonds  are  formed,  it  is  physically  reasonable  to  antidpate  that  the  electronic  orbital 
angular  momentum  L  of  the  B  atom  will  be  little  quenched  by  the  presence  of  the  Hs 
molecule.  This  is  the  so-called  "pure  precession”  approximation  common  in  diatomic 
molecular  spectroscopy.^^*  In  this  limit,  transformation  to  an  approximate  diabatic 
representation,  in  which  the  three  states  correspond,  nominally,  to  the  three  body-frame 
orientations  of  the  B  2p  orbital,  can  be  achieved  easily  by  determination  of  the  matrix 
elements  of  the  electronic  orbital  angular  mommitum  L,  as  proposed  originally  for  the 
F+H2  system  by  Rebentrost  and  Lester.*®  More  accurately,  this  angle  could  be  deter¬ 
mined  from  the  fundamental  derivative  relationship, 

dy(R,e)lBq^<lA’lBldql2A’>  .  (2) 

where  q  designates  any  nudear  coordinate. 

In  the  diabatic  representation  the  three  adiabatic  potential  energy  surfaces  (ViA't 
V2A'>  become  replaced  by /our  potential  energy  functions:  three  diagonal  terms 

(Vxxf  Vzzi  and  Vyy)  and  one  off-diagonal  term  (Vj^.  Obviously,  the  Vxx  and  Vyy  interac¬ 
tion  potentials  are  identical  for  coUinear  geometry,  where  they  correspond  to  the  ener¬ 
gies  of  the  two  degenerate  components  of  a  11  electronic  state.  Additionally,  in  collinear, 
as  well  as  perpendicular  geometry,  the  transformation  ang^e  is  either  0*  or  90*,  so 
that  there  is  no  mixing  of  the  Pg  and  Pg  states,  only  a  possible  energy  reordering.  Thus 
tile  off-diagonal  potential  energy  function  Vzz  vanishes  for  collinear  and  perpendicular 
geometries.  Figure  2  displays  contour  plots  of  the  variation  with  the  B  -112  angle  of  the 
^zx  t  ^xxf  "Vxz  approximate  diabatic  PEF's.  The  dependence  on  the  Jacobi  angle  0  of 
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each  of  the  diabetic  PEF'a  can  be  described  in  tenns  of  an  es^Mmsian  in  associ¬ 

ated  Legendre  polynomials. 

In  principle,  with  the  i^proximate  diabetic  potential  energy  functions  determined 
above,  one  could  determine  the  wavefimction,  and  coneomitantty,  the  energy  levels  for  the 
B(2s2^  H2  van  dm*  Waals  mdecule.  A  simplification  occurs  if  one  cmuttrains 
molecular  hydrogen  to  the  lowest  (j  m  0)  rotational  level  of  ^  this  ease  the  H2  can 
be  considered  a  spherical  atmn,  and  the  B(282|p^P)— H2  system  becomes  equivalent  to  the 
interaction  of  an  atom  in  a  electronic  state  with  a  spherical,  dosed-shdl  partner.^^ 

The  Vx  Vn  potentials  vdiich  describe  the  interaction  between  the  atom  and  spherical 
iwrtner  when  the  p  orbital  is  pointed,  respectively,  along  and  perpendicular  to  the 
intemudear  axis,  are  displayed  in  Fig.  S. 


R(bohr) 


Fig.  8.  IntetaeU<m  potentials  {YnW  and  for  the  states  of  n 

and  Z'*'  symmetry  which  eharaetmrize  the  interaction  of  a  spherical 
H2  molecale  O'  -  0)  with  a  B  atom. 

The  lowest  energy  levd(s)  of  a  B**-p-H2  van  der  Waals  molecule  in  the  7^  s  1/2  rota¬ 
tional  levd  can  be  determined  by  solution  of  a  one-dimensional  Sdiroedinger  equation 
governed  by  the  lower  root  of  the  diagonalization  of  the  2x2  Hamiltonian  involving 
and  Vn*  ^  point  energy  is  so  large  that  there  exists  only  one  bound  vibra¬ 

tional  level  in  this  potential  with  a  dissociation  energy  of  25.4  cm~^.  The  corresponding 
wavefimction  is  very  broad,  due  to  the  light  reduced  mass  of  the  B-Hg 
system.  The  expectation  value  of  the  B-Hg  distance  is  <  P  >  =  7.61  bohr,  considerably 
larger  than  the  location  of  the  minimum  in  the  potential  (Rg  a  6A1  bohr,  see  Fig.  3).  A 
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measure  of  the  width  of  the  wavefimction  is  givoi  by  <  (22  •>  <  12  >)^  s  1.07  bohr).  The 
upper  ro<^  of  the  same  2x2  Hamihoman,  whidi  resembles  closely  the  VifR)  potential, 
also  supports  one  bound  state,  with,  however,  a  mudi  smaller  dissociation  energy  (Pq  = 
4.6  em~^).  The  wavefimction,  also  shown  in  Fig.  9,  is  even  broader  than  that  for  the 
nominally  n  state  ( <  12  >  =  9.96  bohr,  <  (fi  -<  >)2  =  1.76  bohr). 

To  simulate  the  structure  and  energetics  of  clusters  of  a  single  B  atom  with 
multiple  spherical  hydrogen  molecules,  we  have  used  the  diffusion  Monte-Cario  (DMC) 
method.^*  ^  The  interaction  between  individual  P-H2  molecules  is  described  as 

V(R)  VjtlR)  +  sit^p  V^iR)  ,  (3) 

where  fi  is  the  angle  between  the  vector  connecting  the  B  atom  with  the  P-H2 
molecule  and  an  arbitrary,  but  fixed,  orientation  specifying  the  orientation  of  the  2p 
orbital.  The  H2  -  H2  potential  used  was  that  of  Buck  et  al.^  Calculations  were  carried 
out  for  clusters  involving  up  to  6  spherical  H2  units. 

The  keys  results  of  these  DMC  calculations  are  that  the  B  atom  tends  to  sit  m  the 
geometric  middle  with  the  H2  molecules  situated  in  a  volume  lying  between  two  conical 
surfaces  exduding  the  p-orbital  of  the  B  atom,  as  shown  in  the  following  figure. 
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the  eontoor  plota  of  ttie  LA'  and  LA*  PES'a)  indicate  M^ative  oibital  pomtintb  reapeetivety  along  R  and  perpendknlar  to  R 

interaeUonenergiea  ranging  down  from- 20  enr^  in  Btepa  of  bnt  in  the  BH2  plank  The  V,,  PEF  repreeenta  the 

20em~^.  The  dotted  eontonra  (in  the  eontoor  plot  of  the  2A'  off-diagonal  deetroatatkoonpling  between  theae  two  atatea 

PES)  indicate  negative  interaction  energiea  ranging  down  of  A'aymmetiy.  The  aolid  eontonra  indicate  poaitive 

ftom  -  2  cm-*  in  atepe  of  2  em->.  interaction  energiea  rang^  npwarda  from  0  in  atepa  of  60 

em-1.  The  daahed  eontonra  indicate  negative  interaction 
energiea.  In  the  eaaeoftheV^  and  V„PEP'atheae  range 
down  from  -  20  enrl  in  atepa  of  20  em~^  and,  in  the  eaae  of 
the  V,,  PEF,  down  from  -  60  em~l  in  atepa  of  60  enr^. 
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EXTENDED  ABSTRACT 

The  use  of  molecules  with  high  energy  content  is  central  to  the  development  of 
visible  wavelength  chemical  lasers  in  our  laboratory.  The  systems  under  investigation 
and  development  rely  on  dissociation  of  fluorine  azide  (FN3)  as  the  principal  source  of 
electronically  excited  metastable  NF*  molecules  which  power  the  laser  by  energy 
transfer  to  a  suitable  emitting  species.  This  generator  scheme  is  capable  of  achieving 
record  3  x  10‘‘®/cm3)  concentrations  of  NF*  with  near  unit  conversion  efficiency 
because  (1)  the  N2  byproducts  do  not  significantly  quench  or  react  with  NP  and  (2)  the 
conversion  is  initiated  by  rapid  temperature  jump,  rather  than  by  a  slower  mixing 
process,  which  allows  the  FN3  to  fully  dissociate  before  the  NF*  is  destroyed  by  self- 
annihilation  reactions  that  occur  at  rates  near  3  x  10*^2  cm^/s.  In  practice,  the 
conversion  process  is  most  easily  initiated  by  passing  a  M  =  2  shock  wave  through  50 
torr  of  1%  FN3  In  He  and  reflecting  the  shock  off  a  backwall  at  normal  incidence.  The 
NP  then  appears  suddenly  behind  the  reflected  shock  after  a  characteristic  time  delay 
of  ~  50  ps.  Under  these  conditions,  the  shock  only  serves  to  initiate  very  slow 
Q..*composition  of  the  FN3  during  the  induction  period,  which  leads  to  rapid  autocatalytic 
decomposition  once  a  small  but  critical  concentration  of  NP  is  achieved.  Since  the  gas 
behind  the  reflected  shock  is  static,  the  time  profile  of  the  NF*  inside  the  laser  cavity 
(adjacent  to  the  reflecting  backwall)  is  that  of  a  'delayed  avalanche.*  Weak  lasing  on 
the  BiF(A-X,  1-4)  band  at  470  nm  has  already  been  achieved  by  seeding  trace  amounts 
of  Bi(CH3)3  into  the  shocked  gas  mixture.  The  NF/BiF  system,  however,  has  very  low 
gain  and  is  inefficient  because  quenching  of  the  NF*  by  the  organometallic  donor  (and 
its  byproducts)  limits  the  active  BiF  concentration  to  a  value  that  is  too  small  for  the 
transfer  reaction  to  compete  effectively  with  self-annihilation  of  the  metastable  species. 
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Recent  experiments  in  our  laboratory  have  shown  that  energy  transfer  from  NF* 
to  BH  excites  the  BH(A-X)  band  which  emits  most  strongly  at  433  nm  on  the  0->0 
transition.  The  mechanism  of  excitation  appears  to  be  sequential  production  of  the  a^Il 
and  Atfl  states  by  resonant  transfer  from  NF‘,  with  the  latter  step  determining  the 
overall  rate  of  ~  3  x  10*1''  crr^/s.  Consideration  of  these  findings  and  the  radiative  rates 
(cross  sections)  of  BH  suggest  that  an  efficient  high  gain  laser  can  be  obtained  at  482 
nm  on  the  0-4l  transition,  if  a  target  BH  concentration  of  ~  3  x  IQi^/cm^  is  achieved  and 
the  BH(X,  V  =  1)  level  is  rapidly  thermalized.  Production  of  BH  from  BaHe  or  BHs.CO 
has  a  low  yield,  but  appears  to  be  a  scalable  process  as  (amazingly)  neither  the  FN3 
nor  NF*  are  significantly  reacted  by  these  donors.  Yields  approaching  unity  have  been 
achieved  (at  very  low  concentration)  by  the  reaction  of  discharged  F2  with  BHsrCO,  but 
this  approach  did  not  scale  to  the  desired  BH  concentration  (in  a  slow  flow  reactor)  due 
to  secondary  three  body  reactions.  Work  is  undenvay  to  extend  this  approach  to  a  fast 
flow  reactor  which  should  suppress  the  undesired  side  effects. 

An  even  more  interesting  approach,  however,  is  the  possible  identification  of  an 
energetic  RBH  type  molecule  that  can  dissociate  to  yield  free  BH  radicals.  For  such  a 
molecule  to  be  useful,  it  must  possess  a  vapor  pressure  of  at  least  0.1  torr  at  300'*K  and 
must  be  stable  for  at  least  10  seconds  under  these  conditions.  The  byproduct  R  must 
also  be  a  weak  quencher  of  NF*  and  the  dissociation  time  of  the  molecule  under  the 
conditions  of  NP  generation  must  be  on  the  order  of  1  ps.  The  iikely  mechanism  of 
dissociation  will  be  transfer  of  vibrational  energy  from  N2  molecules  formed  as  a 
byproduct  of  the  FN3  decomposition.  Consideration  of  these  requirements  suggest  that 
a  small,  highly  strained,  ring  molecule  such  as  HBN2  or  one  of  its  analogs,  with  a  barrier 
height  of  -  0.5  eV,  would  be  optimum.  Since  little  is  known  about  these  molecules 
(experimentally),  ab  initic  calculations  are  of  grriat  value  as  are  identification  of  potential 
synthetic  routes  for  their  production. 

In  summary,  the  HEDM  community  with  its  focus  on  energetic  molecules,  boron 
chemistry  and  ab  initio  calculations  is  well  positioned  to  provide  a  donor  system  that  will 
enable  a  major  breakthrough  in  energy  transfer  chemical  lasers  that  operate  at  visible 
wavelength.  This  work  is  supported  by  the  Innovative  Science  and  Technology  Office  of 
the  Strategic  Defense  Initiative  Organization, 
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ABSl^CT 

A  tedinique  for  en^Mrating  refraetoiy  materials  with  pulsed  1064  nm 
radiation  fi>r  the  purpose  of  infirared  speetroooqpie  stu47  new  imdeeular 
species  in  solid  argon  has  been  devekqMd.  Three  types  ofsubetratae  have  been 
raq>layed:  (a)  metals  sudi  as  B,  Al,  Ga,  and  Be,  whidi  give  hot  atoms  for 
reaction  with  small  moleeulee  such  aa  O2,  (b)  ooddse  like  AI2O3  and 
wfaidi  evaporate  and  decompose  to  give  the  small  stable  metal  oxide  intermom- 
atas,and  (e)  mixed  substrates  such  as  B/C  and  Al/C,whidi  evaporate  and  react 
to  give  new  transient  binary  spades.  The  product  spades  are  identified 
threufl^  isotopic  substitution,  vibrational  ana^is,  photolysis  and  annealing 
behavior  and  comparison  to  isotopic  spectra  fiwm  hi^  level  ab  initio  calcula¬ 
tions. 


INTRODUCTION 

Pulsed-laser  evaporation  is  a  unique  method  of  evaporating  solids, 
particular^  reftactoiy  materials,  for  spectroscopic  study  of  the  atoms  and 
moleculss  so  produced.^*^  One  advantage  of  this  method  is  that  the  evaporated 
atoms  can  be  lyperthermal  depending  on  the  laser  focus.^  The  following 
discussion  will  present  several  examplm  of  new  molecular  spedse  produced  fay 
reactions  or  trailing  of  the  vapor  fiom  pulsed-laser  ablation  in  eryogenic 
matrices.  In  sevs^  cases  the  excess  kinetic  energy  of  the  ablated  atoms  was 
essential  for  their  reaction. 


EXPERIMENTAL 

The  apparatus  used  for  pulsed-laser  matrix  infirared  experiments  has 
been  described  elsewhere.^'^  Figure  1  shows  the  arrangement  of  the 
components.  Briefly  the  1064  nm  fiudamental  of  a  Nd-YAG  laser  in  Q- 
switdied  mode  with  10  ns  pulse  width  vras  focussed  with  a  10-cm  focal  length 
lens  throu|^  a  bole  in  the  ayogenic  window  onto  a  rotating  target.  Topically, 
laser  energy  of  10-100  mJ^tulM  produced  laser  tracks  approximately  0.1  nm 
wide  on  the  target.  Althou^  laser  focus  in  these  eaq>eriments  was  not  perfect, 
instantaneous  laser  power  was  on  the  order  of  1-10  x  10^  W/em^,  and  an 
emission  plume  was  always  observed.  This  is  1-2  orders  of  magnitude  larger 
than  the  instantaneous  laser  power  used  W  Wang,  et  al.  to  measure  hyperther- 
mal  vdodties  for  laseivablat^  Al  atoms.*  It  must  be  concluded  that  some  of 
the  atoms  ablated  in  these  experiments  are  hyperthennal. 
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Fourwr-tramform  infrared  apeetra  were  recorded  for  the  eamplee 
dapeaitod  on  the  Oal  arindow  held  at  IIK.  Samplee  were  subjected  to 
photolyBis  and  thermal  qrcling,  and  more  spectra  were  recorded. 


Figure  1.  Schematic  diagram  of  apparatus  for  laser-ablation  matrix-isolation 
experiments. 


RESULTS  AND  DISCUSSION 

Infrared  spectra  will  be  presented  and  discussed  for  different  chemical 
systems. 


Hie  spectrum  in  Figure  2(a)  was  recorded  after  deposition  of  natural 
isotopic  boron  atoms  with  Ar/^^On  =  200/1  sample  using  an  Ar/B  ratio  near 
1000/1.  Strong  reaction  product  bands  were  observed  for  ^^B02  at  1274.6, 
1282.8  and  1299.3  cm'^  and  at  1322.3, 1331.0  and  1347.6  cm'^  with  the 
selected  4:1  isotopic  intensity  ratio  for  a  single  boron  atom  species.  Clearly 
atomic  boron  is  inserting  in  molecular  O2  to  give  the  linear  OBO  molecule 
observed  in  the  gas  phase  at  1278.26  and  1326.08  cm'^.^  The  3  argon  matrix 
bands  are  due  to  different  trapping  sites.  Note  the  increase  of  the  lower 
frequency  site  on  annealing  to  25K  (Figure  2(b)),  and  the  increase  of  all  sites 
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on  phi^yBW  (Figure  2(e)).  The  growth  of  BOj  wee  obeerved  on  enneeling  to 
16K  in  other  experimente.^  Clearly  atomic  B  imerte  into  molecular  O2  without 
aetiiration  energy. 


8 

«« 


WAVCNUMBeaS 


Figure  2.  Infrared  spectra  of  natural  ieoh^ic  B  atoms  codepoeited  with  O9  in 
excess  argon  at  llil  K.  (a)  Ar/02  -  200/1,  30  mJ^ulse  laser  energy,  kriu  - 
lOOOA,  (b)  after  annealing  to  25±1  K,  and  (c)  after  irradiation  with  full  light 
of  medium  pressure  mercury  arc  for  30  min. 


Weaker  reaction  product  bands  were  observed  for  BO  at  1854.7  and 
1907.6  em*^  and  BOA  at  1931.0  and  2000.0  cm'^.  The  ^^BO  matrix  fundamen- 

*  e  Q 

tal  is  slightly  red  shifted  from  the  gas-phase  1862.1  cm  fundamental,”  and 
the  ^^B02  band  is  near  those  for  meta^rate  salts  in  alkali  halide  lattices.^ 


Eb^riments  were  also  done  with  enriched  ^^B,  ^^02  and  ^^O^, 

16,18q  mixtures.  The  boron  isotopic  absorptions  from  natural  isotopic 

material  were  confirmed.  The  mixed  oxygen  isotopic  experiment  gave  a 
doublet  for  BO,  showing  one  O  atom,  and  1:2:1  triplets  for  BO2  and  BO2, 
showing  2  equivalent  O  atoms  in  these  species.  Finally,  isotopic  frequency 
ratios  were  appropriate  for  BO  diatomic  and  the  linear  OBO  and  (OBO)' 
speeiee. 
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Ann«iling  allows  for  the  diffusion  and  reaction  of  small  molecules  as 
wall  as  atoms.  Note  the  increase  in  B2O2  and  BnOg  at  the  expense  of  BO 
(Figure  2(b)).  The  weak  bands  at  1420.6  and  1436.0  cm'^  with  "B  exhibited  a 
oounterpart  at  1449.6  cm'^  in  experiments.  In  higher  yield  "B  experi¬ 
ments,  these  bands  form  a  16:8:1  relative  intensity  isotopic  triplet,  which 
identifies  a  new  species  with  2  equivalent  B  atoms,  namely  BOB,  a  linear 
moleeule^^  analogous  to  AlOAl,  which  will  be  identified  in  the  next  section. 

Ihe  small  yield  of  BO  relative  to  BO2  demonstrates  that  most  of  the 
energetic  BO2  spedes  formed  by  the  highly  exothermic  insertion  reaction  are 
relaxed  and  stabilised  by  the  matrix.  In  contrast  the  gas  phase  reaction  gives 
only  BO.^^  Finally,  the  small  yield  of  BO2  relative  to  BO2  shows  that 
ionization  processes  play  only  a  minor  role  in  these  experiments. 

A14-02  and  AI2O3 

Matrix  infrared  experiments  with  pulsed  laser  evaporated  A1  atoms  and 
On  give  a  very  strong  grclic  AIO2  band  at  496.3  em‘^,  a  weaker  A)20  band  at 
9^8  em'^,  and  sharp  weaker  bands  at  1129.6,  1176.3-1169.2,  and  1211.2 
cm'^.^  Similar  laser  ablation  of  polycrystalline  AI2O3  gave  the  strong  qrelic- 
AlOn  band,  a  substantially  increased  AlnO  band,  and  tne  same  1129.6, 1176.3- 
1169i!,  and  1211.2  cm'^  bands.^  Cleany  the  AI+O2  reaction  gives  the  same 
molecular  products  as  AI2O3  ablation-decomposition.  Photolysis  decreased  t)ie 
cydie-A102  band  and  increased  the  sharp  1129.5  cm*^  absorption.  Annealing 
in  dilute  reagent  concentration  experiments  increased  eycIie-A102  and  the 
sharp  1211.2  cm'^  band  but  decreas^  the  sharp  1129.5  and  1176.3-1169.3  cm*^ 
ban^. 


The  laser-ablation  work  reaffirms  the  Moscow  group^^  identification  of 
cydic-AlOo  and  assigns  the  1129.5,  1176.3-1169.2  and  1211.2  cm’^  bands  to 
linear  OAJO,  OAlOAl  and  OAIOAIO.  First,  A1  atom  concentration  studies 
using  different  laser  powers  show  that  the  1129.5  and  496.3  cm*^  absorbers 
contain  less  aluminum  than  AI2O  and  hence  are  monoaluminum  species. 
Mixed  oxygen  isotopic  experiments  reveal  a  sharp  1:2:1  triplet  for  the  1129.5 
cm'^  band,  a  triplet  for  the  1176.3-1169.2  cm'^  pair,  and  a  sharp  1:2:1:1:2:1 
sextet  for  the  1211.2  cm'^  band.  The  frequent  ratio  for  the  1129.5 

cm'^  band  identifies  the  v«  (antisymmetric)  stretching  mode  of  linear  OAIO. 
The  1176.3  and  1211.2  cm'Miands  are  assigned  to  the  strongest  antisymmetric 
O-Al-O  stretching  modes  of  linear  OAlOAl  and  OAIOAIO  based  on  agreement 
between  ab  initio  calculated  (MP2/DZP)  and  observed  isotopic  spectra.^*^^ 

The  Al-t'02  addition  reaction  proceeds  on  annealing  in  solid  argon,  and 
thus  requires  no  activation  energy.  In  contrast  the  Al+Oo  insertion  reaction 
was  not  observed  on  annealing,  but  was  favored  in  pulsed  laser  experiments^ 
compared  to  thermal  evaporation  studies, and  was  initiated  by  photolysis. 
We  conclude  that  the  AI-t-02  insertion  reaction  requires  activation  energy. 
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Sevwral  eomparuons  of  A1  and  B  ooddeo  are  of  intnost.  Boron  is  more 
reaetivo  with  B^02  insertion  reaction  proceeds  on  annealing  whereas 

the  Al<f02  insertmn  reaction  does  not.  Hie  BO  dimer  species  is  OBBO  whereas 
the  AlO  mmer  species  favored  is  QAIOAI.  Finally,  OBOBO  is  bent  whereas  the 
OAIOAIO  moleeule  is  linear.^ 

Ga*f  O2  and  CSa2^8 

Similar  etqwriments  were  performed  with  gallium.  A  sharp  imw  3:2 
gallium  isotopic  doublet  was  observed  at  912.7-908.6  cm*^  in  addition  to  the 
381  em'^  band  assigned  previously  to  cydie-GaOo.^^’^^  The  new  doublet 
increased  on  photolysis  and  decreased  on  annealing  whereas  the  reverae 
behavior  was  found  for  cyclic-Ga02.  Mixed  oxygen  isotopic  data  reveals  a 
triplet  of  doublets  for  the  new  band  showing  2  equivalent  onQ^gen  atoms.  The 
3d2  natural  gallium  isotopic  doublet  demonstrates  the  presence  of  a  sin^e  Ga 
atom  in  the  new  species.  Laser  ablation  of  60203  gave  the  new  doublet  as 
well  as  Ga20.^^  The  gallium  and  mgrgen  isotopic  ratios  are  appropriate  for  the 
V3  vibration  of  a  linear  OGaO  molecufo,  analogous  to  OAIO  and  OBO. 

The  new  linear  OGaO  moleeule  was  not  observed  with  thermal  Ga 
atoms  and  O2,  but  linear  OGaO  was  observed  with  pulsed-laser  evaporated  Ga 
atoms  and  on  photolysis  of  Ga-fOo  samples.  Hence,  we  conclude  that  activation 
energy  is  necessary  for  the  Ga-f02  insertion  reaction,  but  not  for  the  Ga-f  O2 
additicm  reaction. 

B»i>02 


Beryllium  is  a  hazardous  material  due  to  the  toxicity  of  its  oxide;  hence, 
laser  ablation  provides  an  efficient  method  of  evaporation  to  give  Be  atoms  for 
reactions  with  O2.  The  Be-f02  matrix  system  produced  a  strong  broad  band 
at  1573  cm*^  and  sharp  new  product  bands  at  1413.2, 1131.4, 866.8  and  522.7 
em'^.^^  Reactions  with  ^^62  gave  product  bands  and  16A8  ratios  of  1.0187, 
1.0120, 1.0199, 1.0204  and  1.0199,  respectively.  The  16/18  ratio  for  the  1413.^ 
band  is  near  the  harmonic  value  (1.0125)  calculated  for  linear  O-Be-O.  Near 
agreement  with  the  MBPT(2)  calculated  value  (1422.5  cm'^)  using  the  6-311G* 
buis  set  in  the  ACES  11  program  system^*^  confirms  the  assignment  to  the 
linear  O-Be-O  moleeule  analogous  to  O-B-0.  The  16/18  ratios  for  the  last  three 
bands  are  near  the  harmonic  diatomic  value  (1.0207),  which  are  e9q>ected  for 
the  infrared  allowed  modes  of  riiombic  (BeO)^.  Again,  agreement  with 
MBPT(2)  calculated  values  (1140.5,  873.1  and  513.4  cm*^)  is  excellent  and 
confirms  the  identification  of  rhombic  (BeO)2.  Note  that  the  favored  structure 
of  B2O2  is  linear  with  a  B-B  bond.^  Finally,  the  1573  cm'^  band  is  believed  to 
be  due  to  a  (BeO),  cluster  species. 
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B/CMkta 


In  order  to  prepare  new  boron  carbide  molecular  species,  pellets  (13  mm 
die  X  2  mm  th)  were  pressed  (10  tons)  from  mixtures  of  boron  and  graphite 
powder.  Pell^  with  B/C  mole  ratios  ranging  from  1/1  to  6A  were  lasw 
ablated  into  a  eondensing  argon  stream.  Carbon  dusters  were  produced  and 
identified  firom  their  matrix  infirared  spectra  as  were  traces  of  bmn  oxides.^^ 
The  intensitiee  of  carbon  duster  bands  and  the  duster  size  decreased  with 
increasing  B/C  ratio  while  a  new  4:1  boron  isotopic  doublet  increased  at  1194.6 
and  1232.6  cm*^;  a  pellet  prepared  from  gave  the  1232.5  cm*^  band.^^ 

Hie  new  4:1  boron  isotopic  doublet  indicates  that  a  new  BC^spedes  has 
been  formed.  Unfortunately,  earbon-13  could  not  be  incorporated  into  the 
pellet  to  determine  the  number  of  carbon  atoms,  but  the  boron  isotopic  shift 
provides  useful  information.  The  boron  10/11  isotopic  frequei^  ratio 
1235.6/1194.6  »  1.03173  shows  more  boron  dependence  than  the  harmonic 
diatomic  BC  ratio  (1.02562).  The  B-C  vibration  of  linear  B-C«C*  is  expected 
to  exhibit  an  isotopic  ratio  near  the  diatomic  molecule.  On  the  other  hand  B 
vibrating  between  two  C  atoms  in  the  V3  (antisymmetric)  stretching  mode  of 
open  C-BO  or  B  against  C2  in  the  V2  (s^-metric)  stretching  mode  of  acute 
triangular  B-C2  would  show  more  B  isotopic  dependence  than  an  isolated  B-C 
vibration.  The  boron  isotopic  shifts  are  compatible  with  assignment  to  Vg  of 
open  C-B-C  with  a  valence  an^e  near  130*  or  to  of  a  triangular  B-C2 
molecule  with  an  apex  ang^e  near  50*.  This  species  has  probably  been 
observed  in  ESR  matrix  studies.^ 

Coupled  duster  and  complete  active  space  calculations^^  predict  the 
^obal  minimum  BC2  structure  to  be  an  asymmetric  trian^e;  Imwever,  the 
vibrationally  averagM  structure  will  be  an  isosceles  trian^e  with  a  strong 
symmetric  B-C2  stretching  fundamental  near  1200  cm*^.  The  calculated  boron 
lOAl  fiwquenQr  ratio  (1.0333)  is  in  ouellent  agreement  with  the  observed  ratio 
and  confirms  assignment  of  the  1194.6  cm*^  band  to  the  B-C2  ring. 

Al/C  PeUets 

Similar  laser  ablation  studies  were  done  with  Al/C  pellets.  New  bands 
were  observed  at  629.8  and  605.3  cm*^  with  a  613  cm'^  shoulder.  Annealing 
to  20  and  30  K  had  little  effect  on  the  629.8  cm'^  band  but  markedly  increased 
the  606.3  cm*^  band  at  the  expense  of  the  shoulder.  A  mixed  Al/^C/^C  pellet 
gave  sharp  bands  at  629B,  612.9,  605.2,  596.8,  and  589.0  cm'^.  Annealing 
increased  the  latter  triplet.^^ 

The  629.8-612.9  cm'^  doublet  is  clearly  due  to  a  sin^e  carbon  atom 
species.  The  carbon  12/13  ratio  629.8/612.9  » 1.02767  is  in  excellent  agreement 
with  the  harmonic  diatomic  ratio  (1.02774)  which  confirms  assignment  of  the 
629B  cm*^  band  to  diatomic  AlC.  Calculations  (CASSCF  and  MRd  levels  of 
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UiMxy)^  predict  e  629  em*^  fundamental  tor  the  ^  ground  etate  of  AlC  in 
etrong  of  ^  matrix  aaeignment. 

The  606w2,  696^  and  589.0  cm*^  triplet  ia  due  to  a  apeeiee  with  2 
eqpihalmit  carbon  atome.  Triangular  A1C2»  which  has  been  charaeteiiaed  by 
apeetroeeopy,^  im  immediatriy  euggeeted.  The  growth  of  Al(^  on 
annealing  requiree  the  |weeenee  id  A1  atome  and  in  the  matrix  from  the 
ablation  pmneae  and  their  reaerion  without  aetivatwn  energy.  The  carbon 
12/13  ratio  6Q6JS/589.0  •  1.02716  ie  eli|^tly  amalkr  than  the  AlC  diatomic 
ratio,  which  b  eonebtent  with  more  A1  partieipatbn  in  the  normal  mode,  aa 
expected  tor  the  v«  Cqmunetrie)  A1*C2  vibration  of  the  boeoelee  triangular 
apemee.  Ab  initb  eteebome  etrueture  cakubtionB  (SCF)^  predict  a  735  em*^ 
V2  Aindamental  for  AIC2;  prcqter  aealing  pub  the  eabubted  and  oheerved 
frequenebe  in  good  agreement  and  aupporte  the  matrix  infrared  identification 
of  qjpdk  AIC2. 


CONCLUSIONS 

The  puleed-laaer  abbtion  etudbe  preeented  here  show  that  a  pube  of 
atome  can  1^  evaporated  fimn  the  auriaee  of  eolid  materiab.  Many  of  theae 
atome  are  hypertiiermal  and  can  undergo  ehembal  reactions  that  require 
activation  energy.  Although  the  sur&ce  temperature  at  the  laser  focal  point 
b  very  hi|^  the  volume  dement  heated  b  very  small,  and  no  adverse  heating 
effecto  were  noticed  fiira  lltl  Kayogenb  sample  collecting  window  3  cm  from 
the  target.  The  pulsed  laser  can  abo  be  used  to  evaporate  and  decompose 
refractory  materiab  euch  as  alumina  into  stable  small  molecules.  Binaiy 
composite  materiab  such  as  B/C  and  A1A3  as  pubed-bser  targete  produce 
atoms  and  small  molecules  of  both  materiab  as  reaetanto  to  new 

molecules. 


ACKNOWLEDGMENTS 

Hus  work  was  supported  by  National  Science  Foundation  Granto  CHE 
88*20764  and  CHE  91*22556.  The  contribution  of  coworkers  T.  R.  Burkholder, 
P.  Hassanzadeh  and  R.  D.  Hunt  in  developing  and  applying  the  pubed*laser 
technique  to  matrix  infrared  studies  of  important  chemical  systems  are 
gratefiilly  acknowledged. 


REFERENCES 

1.  L.  B.  Kni^t,  Jr.,  B.  W.  Gregory,  S.  T.  Corbranchi,  D.  Feller,  and  E.  R. 
Davidson,  J.  Am.  Chem.  Soc.  108.  3521  (1987). 

2.  K.  J.  Kbbunde,  R.  Boucher,  and  G.  H.  Jeong,  J.  Am.  Chem.  Soc.  112. 
3332  (1990). 

3.  T.  R.  Burktolder  and  L.  Andrews,  J.  Chem.  Phys.  ^  8697  (1991). 


208 


4. 


A.  P.  Salzberg,  D.  1.  Santiago,  F.  Aamar,  D.  N.  Sandoval,  and  B.  R. 
Weiner,  Chem  Phy».  Letts.  180. 161  (1991);  H.  Wang,  A.  P.  Salzbeig,  B. 
R.  Weiner,  Appl.  Phya.  Letts.  5^  936  (1991). 

5.  L.  Andrews,  T.  R.  Burkholder,  and  J.  T.  Yustein,  J.  Phya.  Chem.  ^ 
10182  (1992). 

6.  P.  Hassanzadeh  and  L.  Andrews,  J.  Phya.  Chem.  96,  9177  (1992). 

7.  A.  Maki,  J.  B.  Burkholder,  A.  Sirha,  and  C.  J.  Hovrard,  J.  MoL 
Spectroac.  130,  238  (1988). 

8.  K.  P.  Huber  and  G.  Herzbei%  CSonstants  of  Diatomic  MoleoUes  (Van 
Noetrand,  Princeton,  1979). 

9.  R.  Te^l,  B.  Janis,  and  L.  Bencivenni,  Inorg.  Chim.  Acta  ^  116 
(1984). 

10.  A.  W.  Hanner  and  J.  L.  Gole,  J.  Chem.  Phya.  7^  6026  (1980);  M.  A.  A. 
Clyne  and  M.  C.  Heaven,  Chem.  Phya.  299  (1980). 

11.  L.  Andrews  and  T.  R.  Burkholder,  J.  Phya.  Chem.  ^  8664  (1991). 

12.  I.  L.  Rozhanskii,  G.  V.  Chertihin,  L.  V.  Serebrennikov,  and  V.  F. 

Shevel’kov,  Ruaa.  J.  Phya.  Chem.  6^  1216  (1988). 

13.  Y.  Hannachi  and  L.  Andrews,  to  be  published. 

14.  T.  R.  Burkholder,  J.  T.  Yustein,  and  L.  Andrews,  J.  Phya.  Chem.  ^ 
10189  (1992). 

16.  M.  J.  Zehe,  D.  A  Lynch,  Jr.,  B.  J.  Keball,  and  K.  D.  Carlson,  J.  Phya. 
Chem.  8S,  666  (1979). 

16.  C.  A.  lliompson  and  L.  Andrews,  to  be  published. 

17.  J.  F.  Stanton,  J.  Gauss,  J.  D.  Watts,  W.  J.  Lauderdale,  and  R.  J. 
Bartlett,  ACES  II,  Quantum  Theoiy  Project,  University  of  Florida, 
Gainesville,  Florida,  1992. 

18.  J.  Szczepanski,  R.  Pellow,  and  M.  Vala,  Z.  Naturforach.  47a.  696  (1992). 

19.  J.  M.  L.  Martin,  P.  R.  Taylor,  J.  T.  Yustein,  T.  R.  Burkholder,  and  L. 
Andrews,  J.  Chem.  Phya.,  to  be  published. 

20.  L.  G.  Knight,  Jr.,  S.  T.  Corbranchi,  J.  T.  Petty,  E.  Earl,  D.  Feller,  and 
E.  R.  Davidson,  J.  Chem.  Phya.  ^  690  (1989). 

21.  G.  V.  Chertihin,  and  L.  Andrews,  to  be  published. 

22.  C.  W.  Bauschlicher,  Jr.,  S.  R.  Lan^ofT,  and  L.  G.  M.  Petterson,  J. 
Chem.  Phya.  8^  6747  (1988). 

23.  L.  B.  Kni^t,  Jr.,  S.  T.  Corbranchi,  J.  O.  Herlong,  and  C.  A.  Arrington, 
J.  Chem.  Phya.  9g  6866  (1990). 

24.  J.  R.  Flores  and  A.  Largo,  Chem.  Phya.  140.  19  (1990). 


209 


ATOMISTIC  SIMULATIONS  OF  CONDENSED-PHASE  MATERIALS  ON 

PARALLEL  ARCHITECTURES 


Ri^iv  K.  Kalia,  Aiichiro  Nakano,  and  Priya  Vashishta 


Concutrent  Coopting  Laboratoiy  for  Materials  Simulations 
Depaiiment  of  niysics  and  AsocMXHny 
Department  d  Conpittr  Science 
Louisiana  State  University,  Battm  Rouge,  LA  70803-4001 


Recent  advances  in  microprocessor  technology,  increased  density  of  memory  chips,  and 
sophisticated  high-bandwidth  communications  have  led  to  the  development  of  truly  affordable 
high-performance  parallel  conqjuters.  Coupled  widi  recent  developments  in  algorithms  and 
simulation  techniques,  parallel  c(Miq)uter  architectures  offer  the  necessary  conq)ute  power  to  carry 
out  realistic  simulations  for  condensed-phase  systems.  In  the  past  few  years,  our  research  has 
focused  on  the  application  of  advanced  numerical  methods,  parallel  and  distributed  coiiq)uting 
techniques  and  tools,  and  scientific  visualizati(»  tt>  condensed-phase  simulatitms.  The  simulations 
have  been  carried  out  on  the  following  parallel  computer  architectures  in  our  Concurrent 
Confuting  Laboratory  for  Materials  Simulations  (CCLMS); 

•  MasPar  1208B  -  a  SIMD  (Single  Instruction  Multiple  Data)  machine  with  8,192 
processors; 

•  Intel  iPSC/860  -  an  8-node  distciboted-memory  MIMD  (Multiple  Instructions 
Multiple  Data)  machine; 

•  Intd  iWarp  -  a  64-cell  MIMD  machine  widi  message-passing  and  systolic 
communications; 

•  Silicon  Graphics  IRIS  4D/380VGX  Power  Center  for  real-time  visualization. 

Recently  the  Louisiana  Board  of  Regents  awarded  us  $850,000  to  acquire  a  S6-node  Intel  Paragon 
machine.  Plans  are  in  place  to  connect  these  machines  by  FDDI  (Hber  Distributed  Data  Interface) 
to  form  a  distributed  multiparallel  processing  network  so  that  different  pans  of  a  large-scale 
simulation  can  run  concurrently  on  different  architectures  along  with  real-time  visualization. 

The  research  effon  of  the  CCLMS  focuses  on  molecular  dynamics  (MD)  and  quantum  molecular 
dynamics  (QMD)  simulations  of  the  following  systems: 

•  Embedded  atoms  and  molecules  in  crystalline  and  porous  materials; 

•  Glasses,  ceramics,  and  luuiophase  materials; 

•  Electron  transput  and  q)tical  response  of  nanodevices. 


This  extended  abstract  briefly  describes  our  recent  work  on  parallel  algtnithms  for  MD  simulatkms 
to  investigate  structural  transformations  in  densifled  and  porous  silica,  an  implementation  of  the 
QMD  iq>proach  on  SIMD  machines,  and  the  develcq)ment  of  a  parallel  dynamical-simulated- 
annf^ling  approach  to  Simulate  the  condensed  jdiase  of  the  ozone-oxygen  system. 

ParuiM  Moleeuiar  Dynamics  Algorithms 

Molecular-dynamics  qqnoach  has  played  a  key  role  in  our  understanding  of  classical  and  quantum 
nucroscqnc  processes  in  physical  systems  [1].  In  the  MD  approach,  one  obtains  the  phase-space 
trajectories  oi  particles  from  the  numerical  soluticm  of  Newton’s  equations.  The  MD  apfnoach  has 
ctxisiderable  inherent  parallelism  and  it  maps  well  on  MIMD  machines. 

Domain  decomposition  is  the  most  appropriate  scheme  to  implement  MD  simulations  on 
distributed-memory  MIMD  machines  [2].  In  this  case,  the  total  system  is  divided  into  subsystems 
which  are  geometrically  mapped  onto  processors.  The  relevant  data  for  all  the  particles  whose 
coordinates  fail  within  the  boundaries  of  a  given  subsystem  are  stored  on  the  processor  for  that 
subsystem. 

The  forces  and  potential  energy  are  computed  with  the  multiple-time-step  (MTS)  approach  and  die 
linked-cell  list  scheme  [1].  The  MTS  approach  exploits  the  fact  that  the  force  experienced  by  a 
particle  can  be  separated  into  a  rapidly  varying  primary  component  and  a  slowly  varying  secondary 
component  The  primary  interaction  arises  from  nearest  neighbors,  whereas  the  secondary  forces 
are  due  to  other  particles  within  die  range  of  die  inteiparticle  interaction.  The  primary  contributimis 
to  potential  energy  and  forces  are  computed  with  the  aid  of  a  neighbor  list  constructed  at  regular 
time  intervals  with  use  of  the  linked-cell  list  method. 

The  secondary  forces  vary  slowly  in  time  and  are  therefore  calculated  with  the  Tkylor  series 
eiqiansion.  They  omsist  of  intranode  and  intemode  contributions.  The  former  can  be  calculated 
straightforwardly  with  the  linked-list  scheme.  Intemode  contributions  require  data  motion 
(positions,  velocities,  etc.)  for  particles  on  neighboring  nodes.  The  message-passing  strategy  we 
have  used  is  as  follows:  First  the  data  frtim  node  0  is  sent  to  node  1,  data  from  node  1  to  node  2, 

. .  and  data  from  node  p-1  (p  is  the  number  of  processors)  to  node  0  synchronously.  Then 

using  the  linked-cell  list  method  the  contributions  to  secondary  forces,  potential  energy,  and  their 
time  derivatives  are  calculated.  Node  0  sends  back  the  calculated  contributions  to  node  p-1  while 
receiving  the  contributions  calculated  at  node  1.  Similar  message-passing  of  calculated 
contributions  takes  place  synchronously  at  other  nodes  as  well.  Next  node  0  receives  data  from 

node  p-2,  node  1  from  node  p-1, _ _  and  node  p-1  from  node  p-3.  The  contributions  to  forces, 

potential  energy,  and  their  time  derivatives  are  calculated  synchronously  and  the  results  are  sent 
back  to  the  nodes  from  which  the  data  had  been  received.  This  procedure  is  continued  until  all  the 
necessary  intraactions  have  been  computed. 
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The  ci  the  Homanwtecinmpniririfin  algorithm  foT  KCTS-MD  sunulatkns  was  evaluated 

00  our  Sniode  Intel  iPSC/860  systeoL  The  execution  time  scales  linearly  with  the  size  d  the 
system  and  it  is  inversely  proportional  to  the  number  of  processors  for  a  fixed  subsystem  size  per 

processor.  Fbr  applications  described  below,  the  parallel  efikieiKy,  t)  (» t|/(p*^  where  ^  is  die 
rime  on  p  pTOoessoTs  and  tj  is  the  executkm  time  on  a  single  processor),  is  estimated  to 
be  0.97  and  the  algoridun  sustains  good  load  balancing. 

Recently,  we  have  also  in^emented  MD  simulatioos  invtdving  die  Ewald  summation  fbr  Cmilomb 
interaction  on  distributed-memory  MIMD  machines  [3].  The  parallel  algoridun  we  have  designed 
reduces  the  <y>nipit»irinn«l  oonqilexity  fiom  0(hP^)  to  0(N).  This  is  achieved  by  ensuring  diat 
both  the  real-qiace  Miri  Fourier-space  contributimis  scale  lineariy  with  the  size  of  die  system  fw  a 
desired  level  of  precision. 

Structural  TransformatioHS  in  Dcnsifwd  and  Porous  Systems 
The  parallel  MD  qiproach  has  been  used  to  detennine  novel  structural  transformations  in  hi^y 
riensifieri  and  poTous  Condensed  phases  of  silica  glasses.  Silica  (Si02)  is  one  of  the  most 
interesring  tnatwriais  because  of  its  numerous  polymorphs.  Over  the  years,  many  attempts  have 
beoi  made  to  investigate  structures  and  dynamics  oi  crystalline  and  glassy  states  of  SiC^  at  hi^ 
pressures.  Recent  in-situ  high-pressure  x-ray  diffraction  oqperiments  reveal  significant  changes  m 
die  short-range  and  medium-range  <nder  in  Si02  glasses  [4]. 

Mtdecular-dynamics  simulations  for  silica  glasses  are  based  on  an  effective  interatomic  potential 
consisting  of  two-  and  three-body  terms.  The  two-body  potential  includes  long-range  Coulomb 
interaction  due  to  charge-transfer  effects,  charge-dipole  interaction  due  to  large  electronic 

polarizability  of  O^'  irais,  and  steric  repulsion  between  ions.  The  three-body  covalent  potentials 
for  Si-O-Si  and  O-Si-O  interactions  include  the  effects  of  bond  bending  and  stretching. 

Our  high-pressure  MD  simulations  [5]  cover  a  wide  range  of  mass  density,  from  2.20  g/cnP 

(normal  drosiQ^)  to  4.28  g/cm^.  At  normal  density,  silica  glasses  are  comer-sharing  networks  of 
Si(Oi/2)4  tetrahedra,  see  Fig.  1  (a).  The  medium-range  order  in  the  normal-density  glass  is 
mflnifriBtftri  in  the  form  of  a  first  sharp  diffraction  peak  (FSDP)  at  1.6  A*^  in  die  static  structure 
foctra,  S(q).  This  peak  reflects  die  connectivity  of  tetrahedra  over  distances  in  die  range  of  4-8  A. 
Widi  an  increase  in  the  density,  die  height  of  the  FSDP  decreases,  its  width  increases,  and  its 
position  shifts  to  higher  values  of  q.  (Elastic  con^nession  cannot  account  for  the  observed  shift  in 
the  position  of  die  FSDP.)  bi  addition,  a  new  peak  appears  when  the  density  is  increased  by  20%. 

Located  at  2.85  A*^  die  peak  grows  under  pressure  with  only  a  slight  shift  in  its  position.  The 
Mtnulflrinn  results  for  the  effect  of  pressure  on  S(q)  are  in  good  agreement  with  high-pressure  x-ray 
measurements  [4]. 


212 


Pair-distributioii  fiincticms  and  bond-angle  distribatic«is  provide  strong  evidence  fOT  an  interesting 
structural  phase  transition  in  the  highly  densified  silica  glass  at  4.28  g/cm^.  The  Si-0  pair- 
distribud(»  functicms  reveal  that  die  neaiest-nei^bor  coordination  of  Si  increases  from  4  to  5.8  as 
die  density  of  the  system  inoeases  from  2.2  to  4.28  g/cm^.  Furthermore,  the  density  increase 
causes  significant  changes  in  O-Si-O  and  Si-O-Si  bmid-angle  distributimis.  At  ncnrnal  doisity,  the 
former  has  a  single  peak  at  109**.  When  the  glass  density  reaches  4.28  gfca?,  the  O-Si-O 
distributicm  develt^  broad  peaks  around  90**  and  180**.  The  Si-O-Si  bond-angle  distributicHi  for 
die  normal  dendty  Si02  glass  has  a  peak  at  142**  with  a  FWHM  of  26**.  (Both  of  these  results  are 

in  excellent  agreement  with  NMR  measurenrents.)  With  densification  to  4.28  g/cm^,  the 
distribudmi  exhibits  broad  peaks  around  95**  and  128**.  These  results  for  pair-distiibudon  funcdons 
and  bond-angle  distribudons  provide  strong  evidence  for  comer-sharing  and  edge-sharing 

Si(Ojy3)g  octahedra  at  4.28  g/cm\  see  Fig.  1  (b). 


Hgure  1:  a)  Comer-sharing  Si(0]y2)4  tetrahedra  in  the  normal-density  glass;  b)  comer¬ 

sharing  and  edge-sharing  Si(0]^)g  octahedra  in  the  highly  densified  silica  glass. 


Recendy,  we  have  also  invesdgated  structural  correlations  in  porous  silica.  This  environmentally 
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safe  material  wife  a  large  feermal  resistance  and  high  optical  ttansnusskm  is  an  excellou  alternative 
to  CFC  foamed  plastic  in  feomal  insulation  of  refrigerators  and  a  tiighly  desirable  material  fat 
passive  sdar  energy  collection  devices.  Efforts  are  also  being  made  to  ](»Dduce  optical  switching 
devices  by  enfeedding  semiconducting  nncroclusters  in  fee  pores  of  aerogel  silica. 


Our  MD  simulations  for  porous  silica  cover  a  wide  range  of  doisities,  from  2.2  to  0.1  g/cm^  [6]. 
The  simulated  ^tems  are  huge  enough  (4 1 .472  particles;  fee  lowest  density  tystnn  is  a  cube  wife 
an  edge  of  240  A)  to  cover  fee  entire  range  of  structural  correlations.  In  Fig.  2a,  we  show  pair- 
distiibuticm  fun^oos,  g(r),  <»  a  logarithmic  scale  at  several  densities.  Siq)erii]qx}sed  (»  fee  peaks 
in  g(r)  is  a  power-law  decay  from  which  ooc  can  determine  fee  fractal  dimensitm,  d^v  of  fee  silica 
network:  df  s  34d]og[g(r)]/dlog(r).  Hgure  2b  shows  density  variatkms  of  fractal  dimrasions  at  T 
s  300  K  (open  circles)  and  KXX)  K  (solid  circle). 


One  of  fee  most  inqrortant  characteristics  of  porous  glasses  is  fee  pore  statistics.  The  pore-size 
distribution  is  determined  as  follows:  The  system  is  divided  into  cubic  cells  of  volume  I^.  The 
number  of  pores  of  size  1  is  the  number  of  em}^  cells  which  are  isolated  and  do  not  share  any  face 
wife  other  empty  cells.  The  pore-size  distributitMi  changes  from  Gaussian  to  a  power  law  when  fee 
density  is  lowered  across  the  tensile  limit  of  tire  silica  glass,  see  Fig.  2c. 


Figure  2:  (a)  Pair-distribution  functions,  g(r),  of  porous  silica;  (b)  density  dqrendences  of  fractal 
dinrensions;  and  (c)  pore-size  distributions  at  various  densities. 


Quantum  Molecular  Dynamics  on  Parallel  Machines 
Quantum  molecular  dynamics  simulates  the  dynamics  of  coupled  electron-ion  systems  by 
combining  tire  MD  approach  with  numoical  solutirms  of  tire  time-dependent  Kohn-Sham  equations 
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in  Ac  deasity-functioiial  formalism.  In  additiim  to  the  MD  algonthm,  the  QMD  simulation  requires 

m: 

(1)  Solutioa  (tf  parabolic  partial  dififerential  equations  (PDEs)  (die  time-dependent  Kohn-Sham 
equation); 

(2)  Solution  of  eUiqptic  PDEs  (die  Poisstm  equation); 

(3)  Optimization  ci  electionic  stnictures  and  atomic  configurations. 

ParaUd  algorithms  for  diese  conqionents  involve: 

(1)  Space-Splitting  (SS)  Schrttdinger  solver, 

(2)  Simulated-Annealing  (S A)  and  parallel  muldgtid  Poisson  sdvers; 

(3)  OmjugatB-Gradient  (CG)  optimization  with  use  of  second  derivatives. 

The  SS  SchrOdinger  solver  relies  tm  the  decomposition  of  a  tridiagtmal  matrix  into  block  diagtmal 
matrices  each  of  which  can  be  manipulated  analytically.  The  SA  method  is  applicable  when 
successive  calls  to  a  Poisson  solver  is  highly  correlated,  as  is  the  case  in  most  dynamical 
simulations.  The  Poisson  equation  can  then  be  replaced  by  a  hyperbolic  PDE  which  is 
computationally  less  demanding.  Both  algorithms  (1)  and  (2)  ate  scalable  (paralld  time  complexity 
is  independent  of  the  number  of  grid  pdnts)  and  local  (only  nearest-ndghbor  communications  are 
needed).  Applied  to  energy  minimizations  of  MD  configurations,  algorithm  (3)  speeds  up  the 
conventional  CXi  by  a  factor  of  13.  For  first-principles  electronic-energy  minimizatitMis  based  on 
the  self-interaction-corrected  local-spin-density  (SIC-LSD)  approximation,  a  single-iteration  CXS 
algorithm  has  been  develqied  which  significantly  speeds  up  conventional  SIC  calculations  using 
doubly-nested  iterations. 

The  QMD  algorithms  (l)-(3)  have  been  implemented  on  the  SIMD  architecture  (8,192-node 
MasPar  1208B)  and  the  shared-memory  MIMD  machine  (8-processQr  Silicon  Graphics  4D/380 
VGX)  in  OUT  Concunent  Computing  Laboratory  for  Materials  Simulations.  Both  the  SS- 
SchrOdinger  and  SA-Poisson  solvers  are  significantly  faster  than  conventional  algorithms  and 
achieve  more  than  60  %  of  the  theoretical  peak  speed  of  the  MasPar  On  the  Silicon  Graphics,  high 
and  sometimes  superlinear  speedup  (parallel  efficiency  0.83  ~  1.08)  is  observed. 

Future  Work:  Dynamical  Simulated  Annealing  for  Ozone-Oxygen  System 
Densi^  functional  theory  (DFT)  has  proved  remarkably  successful  in  developing  an  understanding 
of  electronic  properties  such  as  binding  energies,  interatomic  distances  and  crystal  structures.  A 
few  years  ago,  electronic-structure  calculations  in  DFT  were  combined  with  MD  simulations  to 
include  electronic  effects  in  the  motion  of  ions  at  finite  temperatures  [8].  This  so  called  dynamical- 
simulated-annealing  (DSA)  approach  utilizes  the  MD  technique  to  perform  simultaneously  the 
electronic  energy  minimization  and  the  integration  of  Newton’s  equations  of  motitxi  to  obtain  ionic 


tnjKtmk*.  In  dus  idieme.  die  ekctrooic  <^ects  are  eiqdicidy  present  and  therrfore  die  need  for 
efiecdve  inieqMitide  inienctioiK  is  obviate  The  distinct  advantage  of  the  DSA  approach  is  diat  it 
allows  ekctronic-stnictiire  calculations  for  any  aitntraiy  atomic  configuration,  dier^  making  it 
possible  so  shmlaie  chaoRlered  maierials  at  finite  temperatures. 


The  bottkoeck  in  die  DSA  technique  results  from  die  oqiansion  of  electronic  orbitals  into  a  plane- 
wave  basis  set  hi  many  physical  situadons.  electronic  orbitals  are  localized  in  qnce  and  hence  the 
plane-wave  representation  requires  an  enormous  number  of  terms.  A  new  family  (tf  functions 
wavelets  provides  an  optimal  rqnesentadoo  for  localized  functions,  thereby  agnificandy 
reducing  the  computational  cost  of  diese  MmniatinnK.  Parallel  algotidims  are  being  designed  to 
implemeot  die  DSA  qiproach  on  distributed-memory  MIMD  machines. 


The  parallel  DSA  qiproadi  will  be  used  to  determine  the  thennodynamic  properties,  positkmal  and 
nriiaiwi tional  cfflnektMW  functwns,  «nd  tnwifliirinnal  and  mtatjnml  dynamics  of  molecules  in  ozone- 
oocygen  mixtures,  llie  simulations  will  enqik^  an  ultrascdtpseudopotential  developed  recendyfor 
Qxygen  [9].  Its  qiplicatkxi  to  electronic-structure  calculations  for  O2  and  O3  molecules  provides 
reltalde  results  for  energetics  and  structures  of  diese  molecules.  The  knowledge  of  a  reliable 
pseudopotential  makes  it  feasitde  to  carry  <Mit  DSA  simulations  for  condensed  phases  of  ozone- 
oxygen  mixtnres.  ffi^y  accurate  results  for  the  ground-state  properties  will  be  calculated  with  the 
Green’s  Function  Monte  Carlo  qiproach. 
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ABSXKACX 

Tha  axlatanca  of  bond-atrateh  laomara  (laooiara  which  dlffar  prinarlly 
in  tha  langth  of  tha  bridgahaad  bond)  of  tatraailabieyelobutana,  Bi^ll^, 
raeantly  haa  baan  pradlctad  uaing  ab  initio  alactronie  atruetura  mathoda  of 
quantum  chaodatry.  At  tha  GVB/3-21G*  laval  of  thaory,  tha  "abort  bond" 
iaomar  ia  pradlctad  to  ba  laaa  atabla  than  tha  "long  bond"  iaomar. 

Although  tha  parant  coa^pound  haa  not  yat  baan  axparimantally  obaarvad,  tha 
Z~ray  cryatal  atruetura  of  a  haavily-aubatitutad  darivativa  ia  known.  Thia 
darivatira  compound  apparently  doaa  not  axiat  in  two  bond  atratch  forma; 
rathar,  only  the  abort  bond  iaomar  ia  obaarvad.  Tha  praaant  work  la  an 
attaapt  to  raaolva  the  diffarancaa  between  tha  theoretical  pradictlona  for 
the  parent  8148^  molacula  and  tha  axparimental  obaervationa  of  tha 
darivativa  coapound.  in  particular,  a  ayataaiatie  atudy  of  how  varioua 
aubatituanta  affect  tha  relative  atabilitiaa  of  tha  ttro  bond>atratch 
iaoomra  ia  preaantad.  Tha  rathar  large  aiaa  of  many  of  tha  molaculaa  of 
intaraat  in  thia  atudy  raquiraa  tha  uaa  of  maaalvaly  parallel  coaiputara. 

X .  Intcedttctioa 

Highly  atrainad  cooipounda  with  large  poaitiva  haata  of  formation  may 
ba  uaaful  aa  additivaa  to  rocket  propellant a  aa  a  maana  of  improving 
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parfonMUM.  Ixaaplaa  of  auch  eoa^ounda  includa  darivativaa  of  cubana  and 
quadrleyelana.  Ooapounda  auch  aa  thaaa  can  load  to  incraasas  in  spaciflc 
iapulaa  of  aavaral  saeonda. 

Anethac  typa  of  aolaeula  which  aight  ba  eapabla  of  boosting  tha 
parfocaanea  of  eonvantional  propallants  ia  tatrasilabicyclo(l.l.O]butana 
tha  ailicon  analog  of  bicyclo(1.1.0]butano.  Praliainary  1,^ 
ealeulationa  ahow  that  whan  dii^^  uaad  aa  an  additiva  to  RPl,  an 
Ineraaaa  In  apacific  ii^ulaa  of  up  to  tan  aaconda  ovar  pura  RPl  can  ba 
obtainad.  This  is  dua  in  part  to  tha  high  hast  of  formation  of  Si^H^, 
idileh  mb  initio  calculations  pradict  to  baAHf^2M  “  kcal/a»l.^  Anothar 
contributing  factor  ia  tha  ovarwhalning  tharaodynaaic  stability  of  SiOj# 
ona  of  tha  coabustion  products. 

Pravioua  thaoratical  calculations^  pradict  tha  axistanca  of  t«K>  Si4H^ 
"bond  stratch*  Isoasrs.  Thasa  isosMrs  diffar  primarily  in  tha  distanca 
batwaan  tha  bridgahaad  silicons.  Tha  "short  bond"  isoaar  is  a  closad  shall 
spacias  with  tha  langth  of  tha  bridgahaad  bond  only  slightly  longar  than  a 
typical  81-81  slngla  bond.  Tha  "long  bond"  Isosmr  Is  assantlally  a  slnglat 
dlradlcal  spacias  In  which  tha  brldga  bond  Is  brokan  and  tha  unpalrad 
alactrons  on  tha  bridgahaad  silicons  ara  slnglat  couplad.  What 
dlffarantlatas  tha  lattar  from  othar  dlradlcal  spacias  is  that  it  is 
approxisMtaly  10  kcal/aol  g»ora  stabla  than  its  closad  shall  countarpart 
(l.a.#  tha  short  bond  isoaar.) 

di^q^  has  not  baan  axpariaantally  datactad,  but  tha  X-ray  crystal 
structure  of  tha  1,3-dl- tart-butyl-2, 2, 4, 4- tstrakis-( 2, 6-diathylphanyl) 
darlvatlva  la  known. ^  In  thla  darlvatlva,  only  tha  short  bond  Isosiar  Is 
obaarvad.  This  obsarvatlon  suggasts  that  substituents  may  hava  a  dramatic 
affect  on  the  relative  energies  of  tha  bond  stratch  Isoaars  of  slllcon- 
baaad  blcyclobutanes.  Tha  present  %rork  Is  a  systematic  study  of  how 
various  bridgahaad  substituents  affect  tha  relative  energies  of  tha  short 
and  long  bond  Isomers  of  tetrasllablcyclobutana  derivatives.  In 
particular,  tha  affects  of  rfqplaclng  tha  bridgehead  hydrogens  In  Si4H^  with 
SMthyl  and  tart-butyl  groups  is  examined  in  this  study.  (Note  that  tart- 
butyl  groups  are  present  at  tha  bridgahaad  positions  in  tha  exparimantally 
observed  derivative.^) 
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XX.  XlMeratleal  Mat hods 

Tho  gooaMtrlos  and  onorgios  of  tho  1,3-diMthyl  and  1,3-di- tare-butyl 
dorivatlvoo  of  tatrasilablcyelobutano  %iaro  calculatad  at  tha  ganaraliaad 
valaneo  bond^  (dVB)  laval  of  thaory  using  tha  3-210*  basis  sat^  (danotad  as 
OVB/3-210*.)  Tho  bonding  (a)  and  antibonding  (a*)  orbitals  of  tho  Si-Si 
bridgo  bond  coaprioad  tho  GVB  pair.^  Tha  gaoowtry  of  aach  nolaeula  was 
fully  optiaisod  within  tha  eonfinaa  of  tha  nolacular  point  group  aynaatry. 
All  stationary  points  wars  varifiad  as  local  ainiaa  or  transition  stataa  by 
diagonalizing  tha  aatrieas  of  anargy  sacond  darivativas;  i.o.,  tha  hassian 
aatricas. 

All  calculations  wars  parforaad  using  tha  mb  initio  slactronic 
structura  prograa  QAKBSS.^  Tor  tha  calculation  of  anargias,  gaasMtriaa, 
and  hasaiana  for  tha  di-tart-butyl  darivativaa,  tha  nawly  davalopad 
parallal  capabilitioa  of  0AKBS8*  trora  utilizad  on  both  tha  oassivaly 
parallal  Touchatona  Dalta  coo^tar  located  at  Caltach  and  on  a  local 
cluatar  of  high  parforatanca  IBM  Rioc/6000  workstations. 

XXX.  Kasttlts  and  Olseussioa 

For  aasa  of  discussion,  tha  short  and  long  bond  iscoars  of  tha  parant 
cQSipound,  Si4H(,  will  ba  rafarrad  to  an  18  and  IL,  rsspactivsly.  Likawisa, 
tha  corrasponding  isoswrs  of  tho  1,3-diinothyl  (1,3-di- tart-butyl) 
darivativa  will  ba  danotad  as  28  and  2L  (38  and  3L),  rsspactivsly. 

Tabla  1  shows  tha  rolativo  anargias  of  tha  bond  strstch  isonsrs  as  a 
function  of  bridgohaad  substituant.  (A  nagativa  ralativa  anargy  naans  that 
tha  long  bond  structura  is  tha  nora  tharmodynamically  stabla  isomar.)  For 
tha  parant  coopound,  tha  long  bond  isonar  is  lowar  in  anargy  than  tha  short 
bond  structura  by  naarly  10  kcal/nol.  Raplacoaiant  of  tha  bridgahaad 
hydrogans  with  mothyl  groups  dacraasss  tho  anargatic  praforanca  of  tha  long 
bond  isonar  to  approxinataly  2  kcal/nol.  Tsrt-butyl  groups  at  tho 
bridgahaad  positions  actually  rsvarsa  tha  ordar  of  ralativa  stability, 
loading  to  at  laast  a  3  kcal/nol  anargy  praforanca  for  tha  short  bond 
iscnsr  (Vida  infra.) 
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B«Md  solaly  on  storlc  intoraetions  botwoon  th«  brldgohoad  groups,  ono 
adght  oxpoet  tho  rolativo  stability  of  tho  long  bond  isooier  to  incrsass  as 
tlM  bulklnsss  of  tho  bridgohoad  substituonts  incraasos.  Sines  tho  distanca 
bottioon  tho  bridgohoad  silicon  atosw  in  tho  long  bond  isonor  is  groator 
than  in  tho  short  bond  countorpart,  it  soons  roasonablo  that  thoro  should 
bo  loss  storie  crowding  at  tho  bridgohoad  positions  in  tho  long  bond 
strueturo.  Bowovor,  tho  data  in  Tablo  1  show  just  tho  opposito  trond  in 
rolativo  stability.  This  eountorintuitivo  offset  can  bo  undorstood  by 
dxasdning  in  aoro  dotail  tho  bond  strotch  goosatrios  of  tho  paront 
coopound,  ifhich  aro  shown  in  riguro  1.*  Hhilo  tho  bridgohoad  Si-Si 
intomueloar  distanca  is  indood  largor  in  ll.  than  in  IS  (2.91  A  vs  2.38  A), 
tho  bridgohoad  hydrogon  atoaa  in  IL  aro  noarly  2  A  closor  togothor  than 
thoy  aro  in  181  Tho  roason  for  this  is  imaodiatoly  apparont  in  Figuro  1: 
tho  bridgohoad  H-8i-Si  anglo  is  markodly  smallor  in  IX.  tham  in  18. 
Thoroforo,  tho  proforonco  for  a  small  bridgohoad  anglo  in  tho  long  bond 
Isooior  suggosts  that  its  rolativo  stability  will  doeroaso  as  tho  sizo  of 
tho  bridgohoad  groups  incraasos.  This  is  consistent  with  tho  data  in  Tablo 
1. 

Further  ovidonco  for  incroasod  storie  crowding  in  tho  long  bond 
iooaors  is  found  by  oxanining  tho  point  group  symnotrios  of  tho  bond 
strotch  local  minima,  which  aro  summarlzod  in  Tablo  2.^^  For  tho  paront 
cotBpound,  both  bond  strotch  isomers  aro  C2v.  Xn  tho  dimethyl  derivative, 
tho  short  bond  isomer  (38)  is  also  C^,  with  tho  methyl  groups  in  an 
eclipsed  conformation  (see  Figuro  2.^^}  However,  in  tho  long  bond  structure 
2Xi,  tho  C2y  conformation  is  no  longer  a  local  minimum  but  rather  has  one 
imaginary  vibrational  frequency,  whoso  associated  normal  mode  describes 
internal  rotations  of  tho  methyl  groups  about  tho  Si-C  bonds.  This  is  a 
result  of  tho  more  severe  storie  crowding  in  tho  long  bond  isomer,  which 
precludes  an  eclipsed  conformation  of  tho  methyl  groups.  Consequently,  2h 
has  a  reduced  degree  of  symmetry  (C,)  in  which  tho  methyl  groups  aro  in  a 
staggered  arrangosiont. 

In  tho  di-tsrt-butyl  derivative,  tho  bridgohoad  substituonts  aro 
sufficiently  bullcy  that  neither  bond  strotch  isomer  retains  a  C2y~syinnetric 
eclipsed  conformation.^^  Furthermore,  for  both  isomers  tho  loss-constrained 
Cg  conformations  with  staggered  arrangements  of  tert-butyl  groups  each  have 
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•  slngl*  iMglnary  fraquaney.  Hotiavar,  for  3S  tha  inaglnary  fraquancy  of 
tha  Cf  atructura  la  amall  (approxlmataly  6i  cm'^)  ao  that  tha  trua  38  local 
w4»wiim  ig  antlclpatad  to  ba  vary  aimllar  in  gaonatry  and  anargy  to  tha  C, 
eonfonaation,  ahown  in  Figura  3.^^  For  3L#  a  furthar  diatortion  of  tha 
tart-butyl  groupa  fron  C,  to  C2  ia  raquirad  to  raaeh  a  local  minimum  (aaa 
Figura  3 . ) 

XV.  Coaeluaioaa 

Thia  thaoratieal  atudy  haa  pradictad  tha  axiatanca  of  bond  atratch 
iaaowra  for  tha  1,3-diaiathyl  and  1,3-di- tart-butyl  darivativaa  of 
tatraailabicyclo(1.1.0]butana,  at  tha  GVB/3-21G*  laval  of  thaory.  For  tha 
dimathyl  darivativa,  tha  long  bond  iaomer  21.  ia  mora  atabla  than  28  by  2 
kcal/mol.  Hottavar,  tha  ordar  of  ralativa  atability  ia  ravaraad  in  tha 
di-tart-butyl  darivativa.  In  thia  caaa,  tha  abort  bond  atructura  38  ia 
mora  atabla  than  31.  by  at  laaat  3  kcal/mol.  Tha  pradictad  anergatic 
prafaranca  for  tha  abort  bond  iaomar  ia  conaiatant  with  tha  X-ray  cryatal 
atructura  of  tha  1,3-di- tart-butyl-2, 2, 4, 4- tatrakia-( 2, 6-diethylphanyl) 
darivativa,  whara  only  tha  abort  bond  iaomar  ia  obaarvad. 

Thia  atudy  haa  alao  ahown  that  tha  ralativa  anargiaa  of  tha  bond 
atratch  iaomara  of  tatraailabicyclo[1.1.0]butana  ayatama  ara  aanaitiva  to 
tha  aita  of  tha  bridgahaad  aubatituanta.  Bacauae  of  tha  mora  aavara  ataric 
crowding  praaant  in  tha  long  bond  iaMoer,  bulky  groupa  tand  to  decraaaa  ita 
atability  ralativa  to  tha  cloaad  ahall  abort  bond  atructura. 

Finally,  tha  ability  to  parform  ab  initio  alactronic  atructura 
calculationa  on  oiaaaivaly  parallal  coo^tera  auch  aa  tha  Touchatona  Dalta 
ayatam  anablaa  tha  thaoratieal  atudy  of  large  moleculea  (auch  aa  1,3- 
di-tart-butyltetraailabicyclo(1.1.0]butane)  which  are  beyond  tha 
capabilitiaa  of  conventional  eomputara. 

Aekaowledgemanta 

Thia  raaaarch  waa  performed  in  part  uaing  tha  Intel  Touchatona  Dalta 
Syatam  operated  by  Caltech  on  behalf  of  tha  Concurrent  Super computing 
Conaorti\im.  Accaaa  to  thia  facility  waa  provided  by  the  Advanced  Raaaarch 
Projacta  Agency  (ARPA) . 
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9.  Distances  shown  in  Figure  1  are  in  k.  18  and  IL  denote  the  short 

and  long  bond  isorasrs,  raspectivaly.  The  shaded  (open)  circles  denote 
silicon  (hydrogen)  atoms. 

.0.  The  nuiBbars  in  paranthases  indicate  the  number  of  imaginary  vibrational 
frequencies. 

11.  In  Figures  2  and  3,  two  views  of  each  local  minimum  are  shown.  The 
picture  on  the  left  is  a  "side”  view,  with  the  bridgehead  silicon  atoms 
lying  in  the  plana  of  the  page.  The  picture  on  the  right  is  a  "top" 
view,  in  which  the  bridgahaad  groups  are  closest  to  the  viewer.  The 
darkly  (lightly)  shaded  circles  denote  silicon  (carbon)  atoms  and  the 
open  circles  denote  hydrogen  atoms. 

12.  Although  the  geometry  and  hessian  of  31.  have  not  been 
calculated,  it  seems  reasonable  to  expect  this  conformation  to  be 
rather  high  in  energy  relative  to  its  lower-synmatry  conformations. 
Therefore,  we  assume  that  the  conformation  of  3L  will  have 

at  least  one  imaginary  vibrational  frequency. 
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Xabls  i.  Bttlativ*  Kaargias  of  Bond  Strotch  Xsoaors.* 


R 


E(LB)-E(SB)  /  Basis 

(kcal/mol)  Functions 


H  -9.6  88 
CH3  -1.9  114 
C(CH3)3  23.2  192 

*  '*E(IiB)-E(SB)  **  denotes  the  difference  in  energies  of  the 
short  and  long  bond  isomers. 


Table  2.  Point  Group  Syaeetries  of  Bond  Stretch  Xsonera.* 


R 

SB 

LB 

H 

Cjy  (0) 

Czv 

(0) 

CH3 

Cjj,  (0) 

C2v 

(1) 

c,  (1) 

c. 

(0) 

C(CH3)3 

Czv  (1) 

Czv 

(?)“ 

C,  (1)' 

C. 

(1) 

C2 

(0) 

SB"  and  "LB" 

denote  the  short  and 

long  bond 

isomers 

respectively.  The  numbers  in  parentheses  indicate  the 
number  of  imaginary  vibrational  frequencies. 

^  See  footnote  12. 

°  See  text. 
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1993  Air  Force  High  Energy  Density  Matter  (HEDM) 
Contractors  Conference 


Woods  Hole,  MA 
6-8  June,  1993 


SY.4THESIS  OF  NEW  ENERGETIC 

MATERIALS 


Principal  Investigator:  Dr.  Alan  P.  Marchand 

Department  of  Chemistry,  University  of  North  Texas 
NT  Station,  Box  5068,  Denton,  Texas  76203-0068 

Contract  No.  F29601-92-K-0018 
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1993  Air  Force  High  Energy  Density  Matter  (HEDM) 
Contractors  Conference 
Woods  Hole,  MA:  6-8  June,  1993 

OBJECTIVE  OF  THE  STUDY 

To  synthesize  new  high  energy  -  high 
density  poiycarbocyciic  bridged  hydro¬ 
carbon  systems. 

Compounds  of  this  type  are  of  intense 
current  interest  to  U.  S.  Miiitary  agencies 
as  a  promising  new  ciass  of  fueis  for 
volume-iimited  appiications 


1993  Air  Force  High  Energy  Density  Matter  (HEDM) 

Contractors  Conference 
Woods  Hole,  MA:  6-8  June,  1S193 


CRITERIA  FOR  SELECTION  OF  TARGET 
MOLECULES  FOR  SYNTHESIS 

(i)  Compact  Structures.  The  goal  is  to  maximize  density  in 
order  to  achieve  maximum  net  volumetric  heat  of  combustion. 
Polycarbocyclic  hydrocarbons,  CnHm,  are  sought  which  maxi¬ 
mize  the  ration  n/m. 

(ii)  High  Strain  Energy  Content,  as  evidenced  by  high, 
positive  heat  of  formation.  Polycyclic  "cage”  molecules  are  of 
particular  interest  in  this  connection. 


(iii)  Amenable  to  Relatively  Large-Scale  Laboratory 
Synthesis.  Quantities  of  100-500  grams  are  needed  for  testing 
and  evaluation  of  fuel  properties. 

(iv)  Liquids  (or  Low-Melting  Solids)  at  Room  Temperature. 
Alternatively,  if  the  fuels  are  high-melting  solids,  they  should  be 
highly  soluble  in  existing  liquid  fuel  formulations  (e.g.,  JP-10, 
RJ-6,  etc.) 


high  Density  Missile  Fuels  Research 
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HlfiH  DENSITY  MISSILE  FUELS  RESEARCH 


Takl«  X.  C«leulat*d  ccandard  haats  of  fonueion  and  dcnalclaa  of  cate  hydrecarbona 


and  eato  koeonoa 


Fomula 


C 


u"u 


AM*  (kcal/ool)*  Penalty  (t-co~^)^ 

-24.40  1.44  (obaarvad*  1.38) 


♦  1>51  1.34 


♦27.42 


♦»7.54 


l.2> 


447.78 


^Calculated  valuaa.  Method  used  for  calculation  of  AR^  values;  Report  on  "Study  of  Pure 
Explosive  Coapounda.  Part  II.  Correlation  of  Iheraal ‘Quantities  with  Explosive  Proper¬ 
ties";  Office  of  the  Chief  of  Ordnance*  Contract  No.  V-19-020-6436,  Report  No. 
C-57825.  2  AprU  1947. 

^^Calculated  values.  Method  used  for  calculation  of  densities;  J.  R.  Stine*  "Prediction 
of  Crystal  Densities  of  Organic  Explosives  by  Croup  Additivity"*  Los  Alanos  National 
Laboratory*  Report  No.  LA-8920*  August*  1981. 
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ACHIRAL  (POINT  SYMMETRY) 


ACHIRAL  (MESO) 


PCU  ALKENE  DIMERS:  MM2  STERIC  ENERGIES 


COMPOUND 


CONFIGURATION 


S^shaped.  anti 


C-shaped.  anti 


TOTAL  Ectoric  (kcal/mol) 

130.9919 


130.9815 


S-shaped.  syn 


C'Shaped,  syn 


130.8548 


131.0292 


^  Acta  Cryst.  (1988).  C44, 1617-1619 

Structure  of  a  Novel  C23H24  Cage  Dimer 

By  Judith  L  FurrEN-ANociisoN.  Richard  Gilardi  and  Cufforo  George 
Laboratory  for  the  Structure  tf Matter,  Nanat  Research  Laboratory,  Washington,  DC  2037S,  USA 

AND  Alan  P.  Marchand,  PeI'Wen  Jin  and  Mahendra  N.  Deshfande 
Department  cf  Chemistry,  North  Texas  State  University,  Box  5068,  Denton,  Texas  87^3.  USA 

UltcshMMDtctmbtr  19t7;am^25i^  Ittt) 


Abstnct  8,1  r-Bipenttcyclo(S.4.0J)>**i)>-'«  O**)- 
undecanylidene.  A/, « 288-43,  triclinic,  ^T, 

a-6-613(2X  6«10-809(3X  c «  10-883 (2) A,  a« 
97-52  (2X  A- 99-85  (IX  y«  99-32  (2)*, 
746-2(2)A»  Z-.2,  1-284 2(MoJira) 

« 0-71073  A,  0-07  mm**,  r(000)«312,  T- 
295  K,  final  Rst  0-048,  0-048  for  1118  ob¬ 

served  reflections.  The  molecule,  which  has  an  un¬ 
usually  high  density  for  a  hydrocarbon,  consists  of  two 
cage  moieties  which  are  related  by  an  approximate 
twofold  axis  along  the  C(11>~C(110  double  bond. 
There  are  no  intermolecular  approach^  less  than  van 
der  Waals  s^arations;  the  high  density  is  probably  due 
to  compression  of  the  cage  C  atoms  ensuing  from  the 
small  bond  angles.  For  example,  the  mtemal  ring  angles 
at  C(ll)  and  C(irX  both  sj^  C  atoms,  are  only 
102-6  (2)  and  102-2  f2>*.  rcsneclivclv. 


I.  W«lir>KitlMMt 


I.  M|4t«l7«it 


no 


,,UAIM4|TMr.!(, 


C„«„ 


86 
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SYNTHESIS  OF  METHYLATED  PCU 


ALKENE  DIMERS 


hv,  Pyrex 


EtOAc,  16h 
(84%) 


HOCHjCHjOH.  TsOH 


benzene.  Dean-Stark  apparatus 
(96%) 


3  (mixture  of  isomers)  4  (mixture  of  isomers)  5  (mixture  of  isomers) 


TiCU,  Zn 

pyridine.  THF 
reflux  22  h 


6  (mixture  of  isomerst  73%) 


7  (mixture  of  isomers.  19%) 


ISOLATION  AND  CHARACTERIZATION  OF 
AN  ISOMERICALLY  PURE  METHYLATED 
PCU  ALKENE  DIMER 


The  mixture  of  isomeric  alkene  dimers  obtained  via 
Ti(0)-promotcd  reductive  dimerization  of  methylated  PCU- 
8-ones  was  purified  via  column  chromatography  followed 
by  fractional  recrystallization.  This  purification  procedure 
afforded  an  isomerically  pure  methylated  PCU  alkene  dimer, 
6a,  whose  structure  has  been  elucidated  via  X-ray  crystal¬ 
lographic  methods.  A  structure  drawing  of  this  compound 
appears  below.  The  crystal  density  of  6a,  calculated  from 
the  X-ray  derived  unit  cell  parameters,  is  1.286  g-cm-3. 


Structure  drawing  of  6m 
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Synthesis  and  Reactions  of  meso-  and 
d/-Z>}>Trishofnocubylideoe*/>}-trishomocubane 
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WILLIAM  H.  WATSON  AND  ANTE  NAGL/  DEPARTMENT  OF  CHEMISTRY 

Texas  Christian  University^  Worth#  Texas  76129 


ATOMIZATION  AND  RADIATION  PROPERTIES  OF  MESO- 


ANDAZ-TRISHOMOCUBYLIDENETRISHOMOCUBANES 

rneso-  and  </,/-D3-TrishomocubyIidene-D3-trishomocubane 
have  been  synthesized  via  Ti(0)  promoted  reductive 
dimerization  of  D3-trishomocubanone: 


TtCIt.Zn 


TOF. 


a?* 


+ 


Reference:  Marchand,  A.  P..  et  at.  /.  Am.  Chem.  5oc.  1990,  7/ 2, 
3521. 

Atomization  and  radiation  properties  of  a  mixture  of  these 
C22H24  alkene  dimers  have  been  studied  by  Sojka  and  Gore 
(1992). 


ATOMIZATION  AND  RADIATION  PROPERTIES  OF  MESO- 
AND  D,L-TRISHOMOCUBYLIDENETRISHOMOCUBANES 

CONCLUSIONS: 

Temperature  dependence  of  C22N  mixture 

viscosities:  Increase  in  C22H24  loading  leads  to  an  increase  in 
the  mixture  viscosity.  However,  the  increase  in  mixing 
viscosity  with  increased  loading  becomes  negligible  as  the 
temperature  approaches  50  ^C. 

Since  fuel  temperatures  in  gas  turbine  atomizers 
usually  exceed  100  this  observation  suggests 

that  such  fuel  mixtures  will  have  viscosities  almost 
equal  to  that  of  the  solvent  (RJ-4)  and  therefore 
should  form  roughly  equivalent  mean  drop  size 
sprays. 

Reference:  Sojka,  P.  E.;  Gore,  J.  P.  Atomization  and  Radiation 
Properties  of  High  Energy-High  Density  Fuel  Components^ 
AIAA  92-3378. 


ATOMIZATION  AND  RADIATION  PROPERTIES  OF  HIGH 


ENERGY-HIGH  DENSITY  FUELS 
CONCLUSIONS  (contd.) 

2.  Measured  radiation  heat  flux  from  RJ~4,  JP-10,  and 
toluene: 

RJ-4  and  JP-10  were  chosen  for  study  as  representatives  of 
fuel  currently  being  burned  in  cruise  missile  gas  turbines. 
Toluene  was  chosen  as  representative  of  proposed  high 
energy-high  density  fuel  mixtures  due  to  a  sooting 
tendency  that  is  comparable  to  that  of  dihydrobenzvalene. 

Plots  of  radiative  heat  flux  vs.  radial  distance  reveal  that  the 
heat  flux  levels  for  the  JP-10  flames  are  roughly  twice  as 
great  as  compared  to  those  for  the  RJ-4  flames»  while  the 
corresponding  heat  flux  levels  for  the  toluene  flames  are  ca. 
10  times  greater  than  the  corresponding  levels  for  JP-10 
flames. 


Thus,  flame  radiation  data  demonstrate  an  order  of 
magnitude  increase  in  radiation  heat  flux  when  a  fuel  with 
high  carbon/hydrogen  ratio  is  substituted  for  currently 
used  gas  turbine  fuels. 

^The  radiation  data  suggest  that  combustor  wall 
I  cooling  may  be  required  in  gas  turbines  which 
t  employ  high  energy-high  density  fuels.  ^ 


Reference:  Sojka,  P.  E.;  Gore,  J.  P.  Atomization  and  Radiation 
Properties  of  High  Energy-High  Density  Fuel  Components^ 


AIAA  92-3378. 
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1993  Air  Foret  HEDM  Contrtdort  Conftrtnct 
Urgt-Scalt  Synthttlt  of  PCU  Alktnt  Dlmtro 


hv.toelont 

PyraxMltr 


HOCH2CH2OH 
TsOH.  benzene 

Oeen*Stafkap* 
paratus.  reflux 


aqMeousHQ 
THF,  reflux  18  h 


TiCl4.Zn 

- » 

THF,  pyrkSne 
reflux  43  h 


6d 
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Larfe-Scak  STBtkcsis  of  PCU  Alkcac  Dimers,  6a*6d 


OTJa-TriqrcloC<.2.1.0^^1uBdeca«4>^liepc«3,6-dionc  (l).p-Beazoquinoiie  (4 IS 
g,  3.84  mol)  and  MeC^  (2  L)  were  placed  in  a  4  L  beaker,  and  the  resulting  suspension 
was  cooled  externally  (ice-water  bam)  to  0  -  S  To  this  coded  suspoision  was  added 
^opwiae  with  vigoraus  sthring  fieshly  cracked  cyclopentadiene  (26S  g,  4.02  md)  at  sudi 
a  rate,  diat  die  tnnperature  of  the  reaction  mixture  did  not  exceed  10  X  The  mixture  was 
dicai  allowed  to  stand  at  0  -  S  *C  for  19  h.  at  whidi  time  the  modier  liquor  wu  decanted 
and  the  product  was  cdlected  via  suction  filtration.  The  prochict  was  dmnxighly  air  dried 
for  24  h  and  dieareciystalluBdbatdiwisefiom  hexane.  The  product,  1(431  g,6S%),was 
thereby  obtained  u  a  y^w  microcrystalline  solid,  which  is  suitable  for  use  in  die  next 
(intramolecular  photocylixation)  stqi.  Note:  h  important  to  remove  umeactedp-benzo- 
qutnone  from  the  prothilx  as  dus  material  has  been  found  to  interfere  widi  die  sifosequent 
intramdecular  [2  2]  photocyclixation  of  the  Diels- Alder  adduct 

Peiitacydo(5.4.0.02*6.o3>10.o5,9]||||||ccaiie^ll^oire  (2).  A  sohitkm  of  1  (431 
g,  2.39  mol)  in  acetone  (3  L)  in  a  4  L  beaker  was  irradiated  with  a  450  W  medium 
inessure  Hg  lamp  untU  starting  material  could  no  Itmger  be  detected  by  thin  layer 
chromatogr^diic  analysis  of  the  reaction  mixture.  (JDANGER:  Acetone  may  ignite  if  the 
vtqxxrs  come  into  contact  with  die  hot  lamp).  The  reaction  mixture  was  concentrated  in 
vacuo,  thereby  affording  an  almost  colorlem  product,  which  can  be  employed  in  the  next 
synthetic  step  widiout  further  purification. 

Paitacyclo(S.4.0.02«^.03*10.05*^undecane-841*dione  Mono(ctiiyleiie  acetal) 
(3).  A  mixture  ai  diketone  2  (900  g,  5.2  imd),  ethylene  glycol  (400  mL),  toluene  (or.  2  L) 
and  p-TsOH  (30  g,  0.16  mol)  was  placed  in  a  5  L  three-neck  boiling  fla^  which  had  been 
fitted  widi  a  Dean-Stark  qipareais.  The  reactitm  mixture  was  refluxed  and  stirred  magne¬ 
tically.  Water  was  distilled  azetmopically  from  the  reaction  mixture  and  removed  peri¬ 
odically  by  draining  the  Dean-Stark  trap.  The  reaction  was  complete  after  ca.  4  h.  The 
flask  was  then  stoppered  and  cooled  to  room  temperature  by  qqilication  of  an  external 
ice-water  bath.  Solid  K2CX)3  (33  g,  0.24  mol)  was  added  widi  stirring,  followed  by 
addition  ai  water  (300  mL).  The  renting  mixture  was  shaken,  and  the  two  phases  were 
allowed  to  separate  slowly  ti^iile  standing  overnight  at  room  temperature.  {NOTE:  Avoid 
overly  vigorous  shaking,  as  a  tight  emulsioi  can  result)  The  aqueous  layer  was  extracted 
with  toluene  (1  x  100  mL)  and  the  combined  organic  layers  were  wash^  widi  brine  (2  x 
200  ml),  dri^  (MgS04)  and  concentrated  in  vacuo  (15  Torr.)  until  the  recovery  of 
toluene  was  completed.  The  hot  residue  was  poured  into  a  tared  baker  or  plastic 
container,  where  it  crystallized  upon  cooling.  The  resulting  brown  solid,(ca.  100%)  is 
sufficiently  pure  to  be  used  in  the  subsequent  reaction 

Pentacyclo(5.4.0.0^.(P*l®.0^*^undecan-8-one  Mono-(etii)1aie  acetal)  (4).  A 
mixture  of  4  (15(X)  g,  6.88  mol),  diethytene  glycol  (6  L)  and  hydrate  hydrate  (2.5  L) 
was  placed  in  a  12  L  three-necked  flask,  and  the  reaction  mixture  was  refluxed  with 
mechanical  stirring  for  a  minimum  of  3  h  (5-6  h  may  be  better).  The  reaction  mixture 
then  was  allowed  to  cool  slowly  (overnight)  to  room  temperature.  The  refulx  cmidensa’ 
dien  was  replroed  by  a  distillation  apparams,  and  volatiles  were  removed  by  distillation 
(internal  tempmture  of  the  reaction  mixture:  160  **C).  After  1  L  of  distillate  had  been 
collectMl,  heating  was  discontinued,  and  solid  K2CO3  (700  g)  was  added  pcntitmwise 
with  stirring  to  the  hot  reaction  mixture  at  such  a  rate  that  mechanical  stirring  could  be 
mantained  smoothly  and  gas  evolution  did  n(K  bec(»ne  too  violent  (The  added  K2CX)3 
should  almost  completely  dissolve  in  the  hot  reaction  mixture.)  Heating  then  was  re- 
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simied,  and  distillaticn  volatile  materials  was  continued  (ca.  1.3  L)  until  the  internal 
temperature  of  the  reaction  mixture  reached  220  **C.  This  temperature  then  was 
maintained  for  a  minimum  3.5  h  (4  or  5  h  may  be  better).  (NOTE:  Once  die  Wdff- 
Kishner  reduction  has  been  initiated,  the  reaction  should  not  be  interrupted  until  the 
conclusion  of  die  final  period  heating  at  230  ”C.)  The  reaction  mixture  dien  was  cooled 
to  room  temperature,  and  vtdatiles  were  renmved  by  batchwise  disdllatioo  in  vacuo  (IS 
Torr.)  finmi  a  2  L  flask  (toiling  range  ca.  140-170  **C).  At  the  beginning  of  the 
distillation,  an  azeotropic  mixture  of  dietfaylene  glycol  and  product  was  collected  in  the 
distillate.  However,  as  the  distillation  progresses,  the  distillate  became  clear.  Tto  residue 
wu  discarded.  The  combined  distillates  were  placed  in  a  separatory  funnel  The  uppor 
layer  was  ccdlected.  and  then  water  (5(X)  mL)  was  added.  The  resulting  mixtine  was 
attracted  widi  CH2Q2  (2  x  100  mL).  and  die  combined  extracts  were  added  to  die  lower 
layer.  The  resulting  solution  was  wa^ed  with  water  (1  x  100  mL).  dried  (NaiSOa),  and 
concentrated  in  vacuo  (15  Torr,  40  **Q.  The  residue,  a  colmiess  oU.  was  usto  widiout 
further  purification  in  the  next  s^. 

Pentacydo[5.4.0.02A(P»10.0^»9]undecan-8Hme  (5).  To  the  crude  4  obtained 
from  the  preceding  reactitm  was  added  THF  (600  mL),  water  (600  mL)  and  concentrated 
aqueous  RQ  (80  ^),  and  the  resulting  mixture  was  stined  at  room  temperature  for  18  h. 
The  layers  then  were  separated,  and  the  upper  layer  was  extracted  with  CH2C32  (2  x  150 
mL).  The  combined  organic  layers  were  washed  sequentially  with  water  (300  mL)  and 
saturated  aqueous  NaHC03(300  mL),  dried  (Na2S04),  filtered,  and  concentratto  in 
vacuo  (15  Torr,  40  °C).  The  residue  (solid  +  c^)  was  collected  by  suction  filtration.  A 
colorless  solid  (235  g)  was  thereby  obtained.  Toluene  (100  mL)  was  added  to  the  ffltrate, 
and  the  resulting  mixture  was  concentrated  in  vacuo.  The  residue  again  was  collected  by 
suction  filtration.  An  additionai  1%  g  of  almost  colwless  product  was  thereby  obtained. 
The  total  yield  of  5  was  431  g  (39%  yield  fOT  two  synthetic  steps). 

Titanium-promoted  Dimerization  of  5.  Into  a  12  L  three-necked,  argon-filled 
flask  equipped  with  an  argon  bubbler  and  mechanical  stirrer  was  added  reagent  grade 
THF  (8  L,  precooled  to  0  **€)  from  a  freshly  opened  bottle.  Then,  1104  (480  g,  2JS3  mol) 
was  added  dropwise  with  stirring  (without  external  cooling).  To  the  resulting  warm 
yellow  mixture  was  added  powdered  Za  (340  g,  5.20  mol),  arid  the  reaction  mixture  then 
was  refluxed  for  3  h.  To  the  resulting  h(K  reKtion  mixture  was  added  a  dropwise  with 
stirring  a  solution  of  5  (169  g,  1.06  mol)  in  pyridine  (240  mL),  and  the  resulting  mixture 
was  refluxed  for  43  h.  At  tiie  conclusicm  of  the  reflux  period  the  heating  source  was 
removed,  and  the  reaction  mixture  was  allowed  to  stand  at  room  temperature  for  24  h.  A 
mixture  of  water  (300  mL),  ice  (300  mL),  and  concentrated  aqueous  HQ  (50  mL)  was 
added  slowly  with  stirring  to  the  reaction  mixture.  The  resulting  black  mass  was  poured 
over  ice  (5  kg)  and  then  allowed  to  stand  overnight  in  an  open  vessel  The  reaction 
mixture  then  was  extracted  with  hexane  (2  x  2100  inL),  and  the  ccmibined  extracts  were 
washed  with  water  (1  x  100  mL),  filterto  and  concentrated  in  vacuo  (15  Torr).  The 
residue  was  triturated  with  ao  (250  mL).  The  resulting  colorless  precipitate  was 
collected  by  suction  filtration  and  air-dried.  A  mixture  of  isomeric  aUcene  dimers,  to-6c, 
was  thereby  obtained  as  a  colorless  solid  (78  g,  51%),  mp  174-188  **C.  An  additional  10  g 
(7%)  of  6a-6c  could  be  obtained  from  the  mother  liquor. 
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RESEARCH  PLANS  FOR  FY93 
LARGE-SCALE  PREPARATION 
OF  PCU  ALKENE  DIMER 

Attempt  at  Ti(0)-promoted  Reductive  Coupling  of 
PentacycloC5.4.0.02-6.03.l0.05,9]undecan-8-one 


TiCU,  pyridine,  Zn 
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RESEARCH  PLANS  FOR  FY93 
LARGE-SCALE  PREPARATION 
OF  PCU  ALKENE  DIMER 

Attempt  at  Ti(0)-promotcd  Reductive  Coupling  of 
Pentacyclo[5.4.0.02.6.o3.10.o5.9]undecan-8-one 

Modification  of  McMurray  C=0  Coupling 


Ti(0)* 


R  s  H,  Me  (mixture 
of  isomers) 


*Ti(0)  is  prepared  in  situ  via  reaction  of  TiCU  with 
in  pyridine-THF  solvent. 

Preparation  of  activated  Zinc: 

1.  A  mixture  of  Zn  powder  and  1,2-dibromoelhane  in  THF 
is  heated  under  argon  at  40-50  ®C  for  ca,  15  min. 

2.  The  reaction  mixture  is  concentrated  in  vacuo,  and  the 
residue  is  dried  in  vacuo  at  100  ®C  for  1  h.  The  resulting 
activated  Zn  is  then  used  to  reduce  TiCU  to  Ti(0)  in  the 

usual  manner. 

3.  When  this  procedure  was  applied  to  reduction  of  PCU-8- 
one  (R  =  H,  50  gram  scale),  the  corresponding  PCU  alkene 
dimer  could  be  obtained  in  42%  yield. 


RESEARCH  PLANS  FOR  FY93 
LARGE-SCALE  PREPARATION 
OF  PCU  ALKENE  DIMER 

Attempt  at  Ti(0)-promoted  Reductive  Coupling  of 
Pentacyclo[5.4.0.02.6.03.l0.o5,9]undecan-8-one 

Modification  of  McMurray  C=0  Coupling 


Tl(0)* 


R  s  H.  Ma  (mixture 
of  isomers) 

*Ti(0)  is  prepared  jnjnju  via  reaction  of  TiCU  with  Mg  (2 
equivalents)  in  dry  THF  (-70  ®C  to  +25  ®C). 

Reference: 


Betschart,  C.;  Seebach,  D.  Helv,  Chim  Acta  1987,  70,  2215. 
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i993  Air  Force  HEDM  Contractors  Conference 
Synthesis  of  a  Novel  C22H26  Hydrocarbon 


2  (mijiture  of  two 
isomers,  60%) 


3a 


3a  (38%), 
mp  105.0-105 J  **€ 

3b  (35%), 
mp  106.5-107.0  "C 


Wolff-Kishner 


reduction  (89%) 


crystal  densiQr 
=  1.290  g-cm’^ 


I 


Synthesis:  Dr.  M.  N.  Dcshpande 
X-ray  Structure:  Prof.  W.  H.  Watson 
Dr.  Ram  P.  Kashyap 
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1993  Air  Force  HEDM  Contractors  Conference 
Synthesis  of  a  Novel  C22H26  Hydrocarbon 


iH)117X 


crystal  density 
=  1.290  g-cm'^ 


SpUh€sis:  Dr.  M.  N.  Deshpande 


X-ray  Structure:  Prof.  W.  H.  Watson 
Dr  Ram  P.  Kashyap 


RESEARCH  PLANS  FOR  FY93 


LARGE-SCALE  PREPARATION 
OF  PCU  ALKENE  DIMER 

Attempt  to  promote  Crank-Eastwood  pinacol 
bis-dehydroxylation: 


References: 

Crank,  G.;  Eastwood,  F.  W.  Aust.  J.  Chem.  1964,  77,  1392; 
Josan,  J.  S.;  Eastwood,  F.  W.,  Aust,  J.  Chem,  1969,21,  2013. 

Marchand,  A.  P.;  Vidyasagar,  V,;  Watson,  W.  H.;  Nagl,  A.; 
Kashyap,  R.  P.  J,  Org,  Chem.  1991,  56,  282. 
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RESEARCH  PLANS  FOR  FY93 

Pinacol  Condensation  of  PCU-8>one 

Pinacol  condensation  of  PCU-8-one  is  expected  to 
afford  a  mixture  of  isomeric  vic-diols.  Acid-promoted 
rearrangement  of  this  diol  mixture  should  produce  the 
corresponding  mixture  of  spiropolycyclic  cage  ketones. 
Wolff-Kishner  Reduction  of  the  carbonyl  group  in  these 
''pinacolones'*  is  expected  to  provide  an  isomeric  mixture  of 
the  corresponding  polycyclic  cage  hydrocarbons.  These 
spirocyclic  hydrocarbons  are  of  interest  as  a  potential  new 
class  of  high  energy-high  density  fuels. 


Nt.THF 


ulmound 

imKialion 


(mRture  of  tsomers) 


(mbdure  of  isomers) 


(mixture  of  isomers) 


(mixtufe  of  isomeric  ptnacols 
obtained  via  Na-promoied  leductive 
dimwiyation  of  FCU-S-one) 


MIXTURE  OF 
PINACOLS 


1.  Fractional  lecrystallizatioa  6om 
CH2Q2’hexane  (loobiaiBa  amfle. 
pure  isomer,  mp  231*232  *0 


2.  SOCI2.  pyridine,  0*C 


SmmES/S:  Dr.  Vijay  R.  GadgU 

X’RAY STRUCTURE:  Professor  Simon  G.  Bolt 


255 


1993  Air  Force  HEDM  Contractors  ConferenM 
Synthesis  and  Isolation  of  a  PCU-Derived  Pinacol 


Synthesis:  Dr.  Vijay  R.  Gadgil 
X-Ray  Structure:  Prof.  Simon  G.  Bott 


argon,  sonicate 
30  minutes,  25  ^ 


(mixture  of  isomeric  pinacok 
obtained  via  Ka*piomoied  reductive 
dimerizatioa  of  PCU-8-oae) 


MIXTURE  OF 
PINACOLS 


Fractional  recrystallixatioa  from 
EtOAc-hexane  (to  obtain  a  single, 
pure  isomer,  mp  226-227 


SYNTTiESIS:  Mr.  Zenghui  Uu 

X-RAY  STRUCTURE:  Professor  Simon  G.  Bott 


ifirso-pinacol 


IMi 


t 


1993  Air  Force  HEDM  Contractos  Conference 
Acid  Promoted  Rearrangement  of  a  PCU-Derived  Pinacol 


Pinacal  rearrangement  might  proceed  with  migration 
of  either  (or  both)  bond  (a)  or  bond  (b): 


Result:  This  acid  promoted  pinacol  rearrangement  proceeds 
quantitatively  to  afford  a  single  product  ketone. 


Dr.  VijayR.  Gadgil 
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RESEARCH  PLANS  FOR  FY93 


Ti(0)-promoted  reductive  dimerization  of  HCTD-7-one 


HCTD  alkene  dimer 


References: 

1.  Marchand,  A.  P.;  Early  wine,  A.  D.;  Heeg,  M.  J.  J.  Org.  Chem. 
1986,57,  4096. 

2.  Albert,  B.;  Els^sser,  D.;  Martin,  Mayer,  B.;  Chow,  T.  J.; 
Marchand,  A.  P.;  Ren,  C.-T.;  Paddon-Row,  M.  N.  Chem.  Ber. 
1991,724,  2871. 
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1993  Air  Force  HEDM  Contractors  Conference  0 

Tl-Promoted  Coupling  of  a  12-Functionalized  HCTD-7-one 


1993  Air  Force  HEDM  Contractors  Conference 
Further  Oligomerization  of  a  12-Functionalized  HCTD-7 


TiCU 

- — • 

Za.pyndiBe 
dry  Tiff,  reflux 


acidic 


hydrolysis 


T1CI4.  Zn,  pyridine 
diy  THF,  reflux 


Etc.  (Higher  Oligomers) 


1993  Air  Force  HEDM  Contractors  Conference 
Synthesis  of  Doubly-Caged  Systems  (continued) 


1.  Li,  NH3  (reductive  dechtori* 
nation,  vnth  concomitant 
reduction  ol  C<0  to  CHOH 

2.  PCC.  CHjOa 
(oxidation  d  CHOH  to  C»0) 

3.  WotH-Kishner  Reduction 


IC22H24.  (n  « 1)  A  doubly 
caged  densHy  hydro- 
carbon  system] 
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1993  Air  Force  HEDM  Contractors  Conference 
Synthesis  of  Triply-Caged  Systems 


Diene 


BOTTOM 


DIenophlle 


T¥»o(4<«>2]cycio> 
addu^  product 
ratios:  1 


Probable  structures  of  the  two  DielS'Aldw[4  *  2}  cycloadducts: 


(This  product  results  via  topside 
attack  on  the  dienophife.  b^omsida 
endo  attack  on  the  diene.) 


(This  product  results  via  bottomside 
attack  on  the  dienophlle.  bottomside 
endb  attack  on  the  diene.) 
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1993  HEDM  Contractors  Conferanca 
Synthasis  of  Triply-Cagad  Systama  (continuad) 


Mixture  of  Diels* 
Aider  cydcxadduds 
(yellow  soU) 


dWuse  tpom  Baht 


Mixture  of  two  2] 
photocydoedducts 
(ooloriess  sold) 


Probable  structures  of  the  two  p!*  2]  photocycloadducts: 


(This  product  results  via  topsida 
attack  on  the  dienophle. 
ernk)  attack  on  the  diena.) 


hv 


(This  product  rasuks  via  bottomsida 
Mack  on  fte  dienophile.  bottomside 
endo  attack  on  the  diene.) 


(trlpfy-caged  products) 


9.0 
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Contractors  Conference,  Woods  Hole,  MA 
6-8  June,  1993 

SYNTHESIS  OF  NEW  ENERGETIC 

MATERIALS 
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Chlorine-Free  Energetic  Oxidizers 


H.  R  Michels  and  J.  A.  Montgomery,  Jr. 

United  Technolo^es  Research  Center 
East  Hartford.  CT  06108 
and 

Donald  D.  Tzeng 

United  Technologies  Chemical  Systems 
San  Jose,  CA  95150 

ABSTRACT 

Nitramines,  which  exhibit  one  or  more  covalently  bonded  N-NO2  groups,  constitute 
one  class  of  chlorine-finee  compounds  with  a  high  en^gy  content  When  formulated  with 
conventional  binders  such  as  hydroxy-terminated  polybutadiene  (HTPB)  or  polyethylene 
glycol  (PEG),  solid  composites  based  on  nitramines  exhibit  performance  characteristics 
(Ijp)  superior  to  those  obtained  from  existing  formulations  based  on  ammonium 
perchlorate. 

We  have  carried  out  extensive  ab  initio  calculations  to  characterize  the  structure  and 
properties  of  the  new  inorganic  class  of  dinitramides.  The  simplest  compound  HN(N02)2 
exists  both  as  a  secondary  amine  structure  and  as  a  remarkably  strong  oxyacid.  The 
structures  of  several  salts  of  the  dinitramide  anion  have  been  examined,  along  with 
predictions  of  their  thermochemistry.  These  studies  have  led  to  the  prediction  of  several 
new  nitramide  oxidizers.  We  find  a  stable  trinitramide  molecule,  N(N02)3, 
formation  estimated  to  be  +59  kcal/mol.  Studies  of  the  N-NO2  bond  strength  in  this 
compound  indicate  that  the  thermal  stability  of  trinitramide  should  be  similar  or  slightly 
greater  than  that  of  dinitrogen  pentoxide,  N2O5.  Calculations  have  been  performed  on  a 
second  N40g  structure.  This  isomer  has  a  tetrahedral  (point  group  T^)  cage  structure 
closely  resembling  that  of  the  well-known  hycVocarbon  adamantane.  Our  calculations 
indicate  that  this  structure  is  vibrationally  stable  at  the  RHF/6-31G*  and  MP2/6-31G* 
levels  of  theory.  The  calculated  energy  (including  zero-point  conrection)  of  the  T^]  structure 
of  N4O6  is  +150  kcal/mol  above  the  C3  (trinitramide)  isomer,  and  its  estimated  heat  of 
formation  is  +209  kcal/mol. 

Several  possible  routes  leading  to  the  synthesis  of  trinitramide  (TNA), 
tetranitrohydrazine  and  the  other  energetic  oxidizers  are  being  explored.  The  performance 
improven»nt  available  from  the  use  of  TNA  in  place  of  AP  in  solid  propellant  formulations 
ofiers  a  challenge  for  its  successful  synthesis. 


Supported  in  part  by  AFPL  under  Contract  F0461 1-90-C-0009. 


Discussion 


There  has  been  growing  interest  recently  in  the  development  of  chlorine-free  oxidizers 
for  use  in  advanced  propellant  formulations.  Nitramines,  which  ctmtain  one  or  more 
covalendy  bonded  N-NO2  S^ups,  constitute  a  prtxnising  class  of  chlorine-free  energetic 
molecules.  Examples  of  such  compounds  are  the  well-known  explosives  RDX  and 

and  the  recently  synthesized  hydrogen  and  ammonium  dinitramide.^^  Althou^ 
there  are  many  possible  con^unds  of  the  form  RR'NN02  and  RN(N02)2.  there  is  only 
one  possible  trinitramide,  N(N02)3.  There  has  been  speculation  concerning  tite  existence 
of  trinitramide,  but  very  few  results  have  actually  been  reported  to  date. 

Ab  initio  calculations  were  poformed  on  pyramidal  (C3)  and  planar  (D311)  structures  of 
N(N02)3.  geometry  {^timizatitxis  and  hairntmic  vibrational  frequency  calculations 
were  performed  cm  both  planar  and  pyramidal  structures  at  the  RHF/6-31G*  level  of 
theory.  An  additioiud  MP2/ti-31G*  geometry  optimization  and  harmonic  vibrational 
frequency  calculation  was  performed  on  the  pyramidal  structure.  Thermochemical 
calculations  include  vibrational  zero-point  effects,  estimated  from  the  RHF/6-31G* 
vibrational  frequencies  scaled  by  0.8929.  A  summary  of  the  calculated  results  is  given  in 
Tables  1  and  2.  The  C3  structure  is  shown  in  Figure  1. 

As  in  ammorua,  nitrogen  trifluoride,  and  trimethylene,  our  calculations  show  that 
trirutramide  is  pyramidal,  not  planar.  At  the  RHF/6-31G*  level,  the  planar  structure  is  24 
kcalfrnol  hi^er  in  energy  than  the  pyramidal  ground  state.  The  calculated  vibratitMial 
frequencies  (see  Table  2)  for  the  pyramidal  struaure  are  all  real,  indicating  this  structure  is 
a  true  minimum.  Three  of  the  RHF/6-31G*'  vibrational  frequencies  found  for  the  planar 
trinitramide  structure  are  imaginary,  indicating  that  it  is  not  a  stable  minimum  or  a  transition 
state,  and  therefore  no  further  calculations  were  performed  on  this  structure. 

The  heat  of  formation  of  trinitramide,  can  be  estimated  from  the  heat  of  reaction  for 

NH3  -I-  3  HNO3  N(N02)3  +  3  H2O  (1) 


or,  alternatively,  from 


3  NH2NO2  N(N02)3  +  2  NH3  (2). 

We  average  the  MP2/6-3 IG*  heats  of  formation  calculated  from  the  two  reactions  to  obtain 
our  final  estimate,  AHf°(N405)  =  59.0  kcal/nx>l.  Analogous  calculations^  of  the  heat  of 
formation  of  nitric  acid  give  an  error  of  1.7  kcal/mol.  Our  estimated  error  in  the  calculated 
heat  of  formation  of  trinitramide  is  ±  5  kcal/mol. 

As  suggested  earlier,  the  stability  of  trinitramide  is  determined  by  the  strength  of  the 
long  N-N  bond.  Using  our  calculated  heat  of  formation  of  trinitramide,  we  find  the  heat  of 
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reaction  for 


N(N02)3  -♦N  +  3N02 


(3) 


to  be  78  kcalAnol,  estimate  the  N-N  bond  strength  as  1/3  of  that,  or  26  kcalAnoL 
Alternatively,  if  we  estimate  a  value  of  100  kcalAnol  for  tiie  N_H  bond  struigth  in 
HN(NO|2)2t  then  from  our  previously  rqxnted^  heat  of  formation  (28.4  kcal/mol)  of 
HN(N02)2«  and  the  experimental  heat  of  fonnation  of  NO2  (8.6  kcalAndA  we  find  tire 
heat  of  formation  the  N(N02)2ntdical  to  be  76  kcalMioL  We  may  now  directly  calculate 
Do(N02-N(N02)2)from 


N(N02)3  ^  N(N02)2  +  N02  (4) 

and  obtain  a  value  of  26  kcal/mol,  in  agreement  with  the  average  bond  strengtit.  The 
entiialpy  of  dissociation  into  ions,  via 

N(N02)3  N(N02)2’  +  NO2+,  (5) 


is  estimated  as  135  kcal/mol  from  the  ionization  potential  of  NO|2  (9.75  eV)  and  our 
previous  estimate  of  the  election  affinity  of  N(N02)2  (3*0  eV)  From  experimental 
thermochemical  data,'^  the  O-NO2  bond  strength  in  N2O5  is  estimated  to  be  20-23  kcalAnol. 
Comparing  this  value  with  our  estimated  N-N  bond  strengtit,  we  cmtclude  that  tite  thermal 
stability  of  tiinitramide  should  be  similar  m  or  slightly  greater  than  that  of  dinitiogen 
pentoxide. 

Calculations  have  been  pofoimed  on  a  second  structure  of  N40(j.  This  isomm-  has  a 
tetrahedral  (point  group  T^)  cage  structure  closely  resembling  that  of  the  well-known 
compounds  adamantane  and  hexamethyleneretraminc  (see  Hgure  2).  Our  calculations 
indicate  that  this  structure  is  vibrationally  stable  at  the  RHF/6-31G*  and  MP2/6-31G* 
levels  of  theory.  The  RHF/6-31G*  N-0  bond  distance  is  1.37  A,  which  increases  to  1.43 
A  at  MP2/6-31G’''.  The  calculated  MP2/6-31G''‘  energy  (including  zero-point  correction)  of 
the  T(|  structure  of  N4O5  is  150  kcal/mol  above  the  C3  (tiinitramide)  isomer,  and  its 
estimated  heat  of  formation  is  209  kcal/mol. 

Because  of  its  high  symmetry,  there  are  no  obvious  low  energy  decomposition  paths 
for  this  compound.  Based  on  the  close  resemblance  to  tl»  diamond-like  adamantane,  we 
conjecture  that  the  N4O6  cage  structure  is  relatively  unstrained. 


Synthesis  Routes 


The  predicted  stability  of  tiinitramide,  its  high  performance  as  an  oxidizer,  and 
chlorine-free  composition  make  this  compound  a  top  priority  synthesis  target.  The 
dinitramide  anion  may  provide  us  with  the  most  direct  entry  to  the  desired  tiinitramide 
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(TNA)  structure.  Possible  synthesis  routes  for  TNA,  based  on  using  dinitramides  as  a 
starting  material,  are  illustrated  in  Figure  3.  As  with  ADN,  several  other  starting  routes 
appear  possible. 

Beycmd  ttinitramide,  N(N02)2,  we  also  are  interested  in  other  energetic  chlarim-free 
oxidizers  such  as  tetranitrohydrazine,  (N02)2N-N(N02)2  <uid  dinitrodiazene, 
(N02)NsN(N02).  All  of  these  molecules  belong  to  a  class  of  compounds  called  Solid 
Oxygenated  Air  since  they  contain  only  oxygen  and  nitrogen  with  oxygen/nitrogen  ratios 
higher  than  that  of  air.  Possible  synthesis  routes  are  illustrated  in  Figure  4.  Similar  to  the 
synthesis  of  N-nitroacylamide,  1,2-diacetylhydrazine  can  be  converted  to  1.2- 
dinitrodiacetylhydrazine  which  can  possibly  be  further  nitrated  to  tetranitrohydrazine. 
Azodicarboxylate  and  related  compounds  may  provide  a  starting  point  for  the  syntiiesis  of 
dinitrodiazene.  Electrolytic  oxidation  of  the  dintramide  anion  is  also  under  consideratitm 
for  tile  syntiiesis  of  tetranitrctiiydrazine. 

Performance  Characteristics 

The  density  of  trinitramide  is  estimated  as  2.15  g/cm^  by  Cady's  method.^  Based  on 
the  density  and  heat  of  formation  calculated  above,  we  have  carried  out  a  performance 
evaluation  of  trinitramide  as  an  oxidizer  in  a  solid  propellant  formulation.  In  Figure  4,  the 
theoretical  I^p  of  trinitramide  with  HTPB  as  binder  is  compared  to  the  performance  of  a 
conventional  AP-HTPB  system.  The  challenge  for  successful  synthesis  of  TNA  is  cleariy 
evident. 
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Table  1.  Calculated  Energies  (haitrees)  and  Geometries  (angstixMns  and  degrees)  of  Trinitramide. 
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Figure  3.  Proposed  Routes  for  the  Synthesis  of  Trinitrainide 
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Figure  4.  Synthesis  Routes  to  Tetranitrohydrazine  and  Dinitrodiazene 
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Figure  5.  Comparison  of  Theoretical  Perfonnance  (Ijp)  with  AP  and  TNA  as 


Cubancs  and  Azacubanes:  New  Generations  of  Fueb  and  Propdlants 

Professor  Philip  E.  Eaton 

Department  of  Chemistry,  The  University  of  Chicago 
5735  S.  Ellis  Ave,  Chicago.  IL  60637  USA 

Cubane  is  the  most  highly  strained,  Idnetically  stable  system  available  in  quantity.  Kilogram 
amounts  can  be  made  commercially.  Cubane  hi^,  in  combination,  the  highest  energy  and  highest 
density  of  any  known  stable  organic  compound. 


vapor  proaaura 

aohibaity 

malting  point 

atafailily 

daoompoaition 

danaity 

haat  of  formation  (gas) 
strain  onargy 
dHc 


1.1  Torr  at  25“C 
IB  wt-%  in  hydrocarbons 
130-131°C  (easily  daprsssad) 
insrt  to  light,  water,  air 
>220°  (vary  alow) 

1.29  lycm^ 

•f149  kcal/mola 
'fIBB  kcal/mola 
204,450  BTU/gal 


Cubane  as  an  air-breathing  fuel  offers  an  advantage  of  approximately  50%  by  volume  over  RJ-4 
and  much  more  over  RP-1.  Special  methodology  has  been  develt^wd  for  the  preparation  of  a  wide 
range  of  cubanes.  Such  substitution  can  provide  cubanes  having  remaricable  explosive  or 
propellant  power.  1,3,5,7-Tetranitiocubane  has  already  been  demonstrated  to  be  a  superior 
explosive.  It  is  now  possible  to  tailor  cubanes  to  produce  exceptiontd  fuel  components;  for 
example,  many  kinds  of  high-energy  cubane  polymers  can  readily  be  made: 


Cubyl  acetylenes  and  azacubanes  can  be  derived  from  cubanes.  These  will  provide  yet  more 
powerful  substances. 
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CUBANE-DERIVED  RECORD  SETTERS 
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1,4-CUBADIYL 
A  KEY  PRECURSOR 


CUBYLCUBANE  CYCLOPROPYLCUBANE  METHYLCUBANE 


ALKYNYLCUBANE  RODS 
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REPRESENTATIVE  VALENCE  SATISFIED  (CH)n  OLIGOMERS 


CONCLUSIONS:  1.  CUBANS  IS  THE  FIRST  STABLE  STOP  BELOW  ACETYLENE 

2.  CONVERSION  IS  APPROXIMATELY  68  KCAUMOL  EXOTHERMIC 
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ABSTRACT 

Ultraviolet  (UV)  and  vacuum  ultraviolet  (VUV)  optical  spectroscopic 
techniques  for  measuring  the  atomic  and  molecular  hydrogen 
concentrations  and  for  making  **remote”  measurements  of  the  temperature 
in  solid  molecular  hydrogen  are  proposed.  Photochemical  techniques  for 
generating  atomic  hydrogen  in  pure  solid  hydrogen  are  also  proposed. 
This  combination  of  techniques  should  provide  detailed  understanding  of 
the  simplest  and  most  quantum  mechanical  molecular  solid  as  well  as  the 
fundamental  limits  on  atomic  concentrations  in  solid  molecular  hydrogen. 
They  should  also  be  particularly  valuable  in  characterizing  a  complex 
cryogenic  environment  (e.g.  inertial  conHnement  fusion  pellet  containing 
T2  or  D-T  where  the  tritium  beta  decay  produces  atoms  or  a  solid 
molecular  hydrogen  fuel  pellet  doped  with  atoms  (or  small  molecules)). 


*  Address  after  8/16/93: 


Dept,  of  Physics,  University  of  Connecticut, 
Storrs,  CT  06269-3046 
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BACKGROUND 

There  has  beea  a  re-awakened  interest  in  solid  molecular  hydrogen 
because  of  the  role  it  plays  in  new  technological  applications.  Two  such 
areas  of  interest  are:  (i)  the  production  and  storage  of  high  energy  density 
materials  for  rocket  propulsion:  and  (ii)  the  use  as  a  fuel  (for  suitable 
mixtures  of  the  isotopes  D  and  T)  for  inertial  confinement  fusion  (ICF) 
experiments.  Because  of  past  research  on  pure,  crystalline,  solid  hydrogen, 
there  already  exists  a  wealth  of  data  including  magnetic  resonance, 
microwave,  infrared  and  Raman  spectroscopy  but  the  new  applications  will 
probably  be  based  on  amorphous  hydrogen  and  will  require  still  more 
data-base  development  that  must  include:  a  new  method  to  determine  the 
atomic  hydrogen  concentration  in  the  solid,  a  method  to  characterize  to 
amorphous  solids,  and  a  "remote**  method  to  determine  the  temperature  of 
the  solid  when  it  is  in  the  form  of  a  film  on  a  substrate  or  in  a  capsule.  We 
are  proposing  a  systematic  research  program  that  will  address  these 
needed  diagnostic  techniques  while  providing  fundamental  scientific 
results  of  high  interest. 

For  instance,  one  mode  of  storing  energy  in  solid  hydrogen  is  to 
produce  atoms  of  hydrogen  (H  in  H2(s))  that  can  release  4.5  eV  when  they 
recombine  in  pairs.  This  high  energy  density  material  holds  promise  for 
rocket  propulsion,  but  its  utility  will  depend  on  the  amount  of  atomic 
hydrogen  that  can  be  stored.  To  date,  atomic  hydrogen  concentrations  in 
the  range  of  1-2  %  may  have  been  produced  in  solid  T2  where  a  single  beta 
decay  of  a  tritium  nucleus  produces  of  the  order  of  1000  atoms  but  there 
is  no  reliable  method  for  measuring  this  concentration,  non-destructively. 
The  time  honored  method  of  determining  the  atomic  hydrogen 
concentration,  namely  electron  paramagnetic  resonance  (EPR),  has  recently 
beek.  found  to  be  unreliable  above  0.1%,  because  the  measurements 
apparently  are  not  sensitive  to  a  majority  of  the  H  atoms  present. 
Concentrations  above  1%  will  be  the  region  of  interest  for  high  energy 
density  materials.  Moreover,  the  heavily  radiation-damaged  solid  is 
probably  not  crystalline  and  not  well  characterized  either.  The  optical 
spectroscopy  diagnostics  proposed  below  will  provide  a  new  method  for 
determining  the  atomic  hydrogen  concentration  "in  situ*’  and  also  address 
the  characterization  of  amorphous  hydrogen  solids  with  respect  to 
crystalline  hydrogen. 

The  cryogenic  pellets  used  for  inertial  confinement  fusion  contain  a 
solid  mixture  (D-T)  of  D2,  DT,  and  T2  molecules  in  roughly  the  proportions 
25%  D2,  50%  DT,  and  25%  T2.  Before  implosion,  the  encapsulated  sample 
must  be  in  the  form  of  a  sphericsdly  symmetric  solid  with  a  gaseous  region 
in  the  center.  It  is  important  to  be  able  to  determine  the  capsule 


temperature  and  the  ratio  of  D  to  T  in  the  solid  and  the  gas,  from  a  remote 
location,  without  any  electrical  leads  attached  to  the  sample.  The  beta 
decay  of  the  tritium  nucleus  makes  it  possible  to  do  this.  However,  the 
decay  also  produces  many  atoms,  ions,  and  electrons  as  well  as  damage 
and  defects  and  thus  the  solid  D-T  mixture  is  complex  and  poorly 
characterized.  Hie  optical  spectroscopic  diagnostics  discussed  below 
should  significantly  improve  this  characterization  of  D-T  and  provide  a 
method  for  determining  the  temperature  from  a  remote  location. 


In  addition  to  proposing  new,  optical  diagnostic  techniques  for 
characterizing  amorphous  hydrogen  samples  and  for  measuring  the  atomic 
hydrogen  concentration,  we  are  proposing  a  novel  photochemical  method 
for  producing  H  atoms  in  solid  hydrogen.  These  new  methods  have  the 
important  advantage  that  they  would  produce  the  atoms  homogeneously 
over  the  sample  volume  as  opposed  to  electron  bombardment  where  the 
atoms  would  most  likely  be  produced  in  only  a  very  small  portion  of  the 
sample  making  it  difficult  to  achieve  the  maximum  possible  atom 
concentration. 


It  is  worth  noting  that  solid  hydrogen  comes  in  six  chemically  stable 
variants  (P-H2,  0-D2,  P*T2,  HD,  HT,  DT,  all  in  rotational  level  J=K))  and  three 
metastable  variants  (0-H2,  P-D2,  0-T2,  all  in  level  J^l),  where  p  s  para  and 
o  s  ortho.  Of  course,  arbitrary  mixtures  of  these  nine  variants  are  also 
possible  (normal  H2(s)  formed  from  room  temperature  gas  is  1/4  P-H2  and 
3/4  0-H2).  Not  only  is  the  H2(s)  the  simplest  molecular  solid,  but  it  is  also 
the  most  quantum  mechanical  and  the  number  of  variants  greatly  adds  to 
the  richness  of  its  description  and  the  interest  in  its  fundamental 
understanding. 


PROPOSED  PROGRAM 


Optical  Diagnostics 


Optical  spectroscopy  in  H2^s)  should  be  possible  below  the  band  gap 
of  »17  eV,  corresponding  to  a  pboton  of  137,000  cm'^  (wavelength  X,  =  731 
A).  In  particular,  H,  H2.  and  metal  atoms  should  retain  a  clear  relationship 
(slight  shifts  and  broadenings)  to  their  isolated  gas  phase  spectra  in  an 
H2(s)  matrix,  as  long  as  X  >  731  A.  Below  11  eV  (~110  nm),  H2(s)  (and 
D2(s))  are  virtually  transparent  (Inoue  et  al.,  Sol.  St.  Commun.  627 
(1979)  and  Gedanken  et  al,  J.  Chem.  Phys.  t:752  (1973)).  In  the 
intervening  11  -  17  eV  region,  there  is  significant  B-X  (and  other) 
absorption  (showing  vibrationai  iinr..,ture  in  low  resolution). 


The  optical  diagnostic  techniques  of  potential  interest  for  this 
proposal  include  the  following: 
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1.  Single  photon  (vacuum  ultraviolet  (VUV))  absorption,  followed  by 
visible/near  infrared  or  VUV  photon  emission. 

2.  Two  Photon  (ultraviolet  (UV))  absorption  followed  by  visible/near 
infrared  (or  "forbidden”  VUV)  emission. 

Other  longer  wavelength  optical  techniques,  which  do  not  involve 

electronic  excitation,  have  been  extensively  applied  to  H2,  but  will  only  be 

mentioned  briefly  here: 

3.  Spontaneous  or  stimulated  Raman  scattering  using  a  visible  or  UV 
pump  beam  and  observing  the  Stokes  beam  at  Vp^^p  -  v^^* 

4.  Coherent  antistokes  (or  Stokes)  Raman  scattering  using  two  visible  or 

UV  pump  beams  with  Vp^^pj  -  Vp^^^p,  ^Vn^and  Vp^^pj  >  Vp^^p,  and 
observing  the  antistokes  beam  at  Vpu,np2  +VH2(or  the  Stokes  beam  at 
Vpumpl  ■  * 

5.  Single  photon  (infrared)  "forbidden"  absorption,  measured  e.g.  by  beam 
attenuation,  intracavity  or  photoacoustic  techniques. 

We  discuss  the  Arst  two  techniques  (VUV  and  UV  electronic  spectroscopy) 


of  UV  two-photon  ^xcitation  of  the  E,F  *IgV'ssO  state,  followed  by  IR 
emission  to  Ae  Bl£y  v=0  state. 

Tunable  laser/nonlinear  optical  sources  are  available  throughout  the 
infrared,  visible,  and  ultraviolet  regions  of  the  electromagnetic  spectrum; 
many  such  sources  will  soon  be  available  in  the  University  of  Connecticut 
Laser  Facility  (see  attachment).  Of  particular  importance  for  this  proposal 
is  generation  of  ultraviolet  photons  near  2000  A  (which  can  be  carried  out 
with  commercial  instrumentation)  and  more  importantly  generation  of 
vacuum  ultraviolet  photons  near  1000  A  by  e.g.  third  harmonic  generation 
of  frequency  doubled  pulsed  dye  lasers  (near  3000  A).  Pulse  energies  in 
the  pJ  -  nJ  range  are  expected  for  1300  >  700  A,  and  in  the  mJ  -  pJ  range 
for  2600  -  1400  A. 

Single  VUV  Photon  Absorption 

Atomic  hydrogen  spectroscopy  is  well  known.  For  example, 
ultraviolet  H(ls)  H(3p)  excitation  (Lyman  P)  at  1025  A  will  produce 
H(3p)  -»  H(2s)  visible  red  (Balmer  a)  emission  at  6563  A  (as  well  as  re¬ 
emission  of  1025  A  radiation),  with  the  radiative  transition  probabilities  of 
each  step  being  known  precisely.  While  the  light  at  1025  A  will  be 
radiatively  trapped  and  will  not  be  significantly  transmitted  by  optical 
windows,  opticaJ  Abers,  etc.,  the  red  light  will  not  be  radiatively  trapped 
(there  is  a  negligible  population  of  the  2s  state  of  atomic  H)  and  will  be 


easily  transmitted  and  detected.  Such  measurements  will  establish  the 
absolute  concentration  of  H  in  solid  H2  (there  are  no  overlapping  H2 
molecular  lines  in  standard  tabulations).  Lq  and  emission  followine 
"white  light"  excitation  i.e.  synchrotron  radiation  in  the  400  -  3000  A 
region)  has  been  detected  for  H/H2  deposited  in  Ne(s).  No  such 
experiments  have  been  carried  out  for  H  in  H2(s),  but  detectable  emission 
is  expected. 

In  addition,  under  many  conditions  the  rate  equation  for  atomic 
hydrogen  concentration  n, 

^  =  K  -  (2a)n2 

where  K  is  the  production  rate  (H  atoms/cm^-s)  and  2a  is  the  two-body 
recombination  rate  constant  (cm^/H  atom-s).  In  the  steady  state,  for  a 
constant  production  term  such  as  the  beta  decay  of  the  tritium  nucleus 
where  the  half-life  is  twelve  years,  this  has  the  solution 


nee  ■“ 


K 

2a 


where  a  is  strongly  temperature  dependent.  (A  form  2a  = 
(2ao)exp(-EgAtT)  is  often  assumed).  Thus,  once  calibrated,  a  determination 
of  n^g  is  equivalent  to  a  temperature  measurement  and  can  be  made  at  a 
location  remote  from  the  sample. 


The  H2(s)  matrix  itself  can  also  be  probed  using  vacuum  ultraviolet 
photons.  Near  1000  A,  the  ground  electronic  state  of  H2  absorbs  light 
at  specific,  precisely  known,  wavelengths  to  form  speciHc  upper  levels.  For 
para-H2  (J"=  0  plus  a  few  PPM  of  2,  all  v"  =  0),  the  absorption  is  to  J'  =  1 

(plus  a  few  PPM  to  J’  =  3)  in  several  possible  v’  levels  in  each  of  the 
C*nu,B'lZ„,  and  D'lly  states  of  H2.  For  ortho-H2,  the  absorption  is  to  J’  =*0 
and  2  in  the  same  v'  and  electronic  states.  Because  of  the  linewidths  of 
these  absorptions,  however,  it  will  be  difficult  to  separate  para  (J"=:0) 
versus  ortho  (J"=l)  absorption  (or  J"=2  versus  J"=0  for  temperature 
determination). 


The  excitation  can  be  detected  in  two  convenient  ways:  for  higher 
levels,  e.g.  various  v'  levels  of  B'i£„,  well-known  near  infrared  and  visible 
emission  lines  occur  to  various  v"  levels  of  the  E,F  state;  while,  for  all 
levels,  well-known  ultraviolet  emission  lines  occur,  often  at  much  longer 
wavelengths  (out  to  about  1700  A  for  B  ->  X  ^.mission)  which  are  readily 
transmitted  and  detected.  In  either  detection  scheme,  one  can  determine 
H2  concentration  absolutely,  as  well  as  possibly  the  relative  para  and  ortho 
composition.  Since  only  parts  per  million  of  para-H2  (J"  ~  2)  are  present,  it 
may  be  difficult  to  establish  the  temperature  from  the  molecular 
spectroscopy.  It  is  expected  that  the  lineshapes  (and  also  the  lineshifts)  of 
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the  molecular  lines  (as  well  as  the  atomic  lines  described  above)  will  be 
sensitive  to  the  method  of  preparation  and  crystallinity  of  the  H2(s) 
sample.  Single  crystal  H2(s)  (especially  pure  p-H2(s))  is  predicted  to  have 
relatively  sharp  absorption  and  emission  lines  (each  of  which  can  be 
readily  detected).  Amorphous  H2(s)  should  have  broader  lines. 

It  should  be  noted  that  high  concentrations  of  electronically  excited 
H2  could  in  principle  cause  problems*  such  as  ionizadmi.  However,  the  light 
sources  in  the  1000  A  region  are  weak  and  not  expected  to  generate  high 
concentrations  of  electronically  excited  H2.  The  sources,  though  weak,  are 
more  than  adequate  for  the  fluorescence-detected  spectroscopy  proposed 
here. 

High  concentrations  of  H  atoms  in  H2(s)  may  also  cause  complications, 
as  found  in  the  EPR  experiments.  First  of  all,  interactions  between  H  atoms 
will  give  rise  to  resonance  broadening  of  the  atomic  excitation  line  (L^  at 
1025  A).  Shifts  and  broadening  of  the  order  of  1000  cm'^  should  occur  for 
nearest  neighbor  atoms  (Gaussian  line  broadening  and  shifts  should  be 
significantly  smaller).  Nevertheless,  the  fluorescence  quantum  yield 
should  remain  near  unity  and  if  the  H2(s)  lattice  spectrum  is  well- 
understood,  a  quantitative  measure  of  the  total  H  atom  concentration 
should  sdll  be  obtainable  at  high  density.  An  accurate  theory  of  resonance 
line  broadening  could  be  worked  out  from  known  potential  energy  curves 
and  transition  moments  and  tested  on  H  in  Ne(s)  if  necessary.  Note  that 
lineshapes  of  L^and  Lo  emission  in  Ne(s)  are  available  [W.  Bdhmer  et  al., 
Chem.  Phys.  ^  225  (1980)]. 

A  further  complication  could  occur  from  H  +  H2  interactions.  In 
particular,  the  electronically  excited  atom  could  in  principle  transfer 
electronic  energy  to  H2  molecules  of  the  lattice  and/or  chemically  react 
with  H2  molecules  of  the  lattice.  Such  channels  would  add  to  the 
coiiq>lexity  of  the  analysis,  but  should  already  be  observable  at  low  H  atom 
concentrations  (<  0.1  %).  Moreover,  both  electronic  energy  transfer  and 
chemical  reaction,  if  they  occur  to  a  significant  extent,  could  be  expected  to 
be  highly  selective,  each  producing  only  a  few  quantum  states  at  most, 
each  with  characteristic  emission  lines.  Moreover,  the  importance  of  these 
channels  should  vary  dramatically  with  isotopic  composition  and  nuclear 
spin  state.  The  H(2p)  state  cannot  transfer  energy,  but  all  higher  p  states 
can.  The  probability  of  chemical  reaction  is  apparently  not  known. 

Two  UV  Photon  Absorption 

Two  photon  excitation  of  atomic  hydrogen  is  well  known.  For 
example,  H(ls)  -*  H(3s)  excitation  at  2050  A  will  produce  H(3s)  -»  H(2p) 
visible  red  (Balmer  a)  emission  at  6563  A.  Since  2050  A  light  is 
considerably  easier  to  generate  than  1025  A  light,  this  UV  diagnostic 


technique  may  turn  out  to  be  superior  to  the  VUV  excitation  discussed 
above. 

Two  photon  excitation  of  H2  is  also  well  known.  Figure  2  shows  work 
by  Young  at  Iowa  on  UV  two  photon  excitation  of  (in  a  dilute  molecular 

beam)  from  Xll^v'’=0.J"=0.  1  and  2  to  E.F  v’=0.J  =0,  1  and  2. 

respectively,  at  ~2020  A  using  ionization  detection.  Alternatively,  near 
infrared  emission  (e.g.  E,F  ll^v’=0j'=0  v"=0J"=l)  at  *-1.1  pm  can  be 

readily  detected. 

It  is  worth  noting  that  such  two  UV  photon  excitation  lines  should  be 
much  sharper  than  the  corresponding  single  VUV  photon  excitation  lines. 
This  is  because  the  strong  resonance  broadening  and  resonant  energy 
transfer,  which  presumably  dominate  the  broadening  observed  in  B-X  VUV 
absorption  (so  that  vibrational  but  not  rotational  structure  is  seen),  cannot 
occur  in  the  two  UV  photon  case  since  the  E-X  dipole  matrix  element  is 
identically  zero.  Particularly  for  cases  such  as  pure  p-H2(s)  and  o-D2(s)  (or 
better  yet,  trace  amounts  of  P-H2  in  o-D2(s)),  the  two  photon  lines  should 
be  extremely  sharp  (<1  cm*l).  Remarkably  sharp  lines  have  previously 
been  observed  in  rovibrational  and  pure  rotational  spectra  by  Patel  et  al. 
and  especially  by  Oka  et  al.  Such  sharp  lines  would  \>t  ideal  for  diagnostics 
of  concentration,  temperature  and  crystal  quality. 

Production  of  H  atoms  in  the  solid 

The  light  sources  used  for  spectroscopy  can  also  be  used  to  carry  out 
photochemistry.  The  weak  VUV  sources  near  1000  A,  however,  are 
marginal  for  such  studies.  Nevertheless,  a  photon  at  X  ^  844.45  A  can 
photodissociate  H2  through  the  B^Z^  state  in  the  gas  phase.  This  is  rather 
close  to  the  H2(s)  band  gap  at  »  731  A,  but  probably  photodissociation  of 
H2  2H  can  also  be  carried  out  in  the  solid.  By  remaining  close  to 
threshold,  one  can  directly  and  homogeneously  produce  “cold*’  atoms 
(kinetic  energies  of  ^  1  K).  Such  mild  photodissociation  is  to  be  contrasted 
with  the  significant  radiation  damage  in  production  of  H  atoms  by  beta 
decay  of  tritium  and  other  production  techniques  such  as  electron 
bombardment.  Direct  study  of  such  atom  production  with  the 
accompanying  atomic  and  molecular  spectroscopy  diagnostics  may 
establish  fundamental  limits  on  H  atom  storage  in  H2(s).  Moreover, 
pump/probe  experiments  to  follow  the  time  dependence  of  the  H  atom 
concentration  would  be  feasible. 

Another  improved  high  energy  density  material  is  metal-doped 
H2(s),  where  “metal”  is  used  loosely  to  include  B  and  C  as  well  as  Li,  Be,  Na, 
Mg,  and  Al.  Such  atoms  give  significant  improvements  in  energy  storage 
compared  to  pure  H2(s). 


Visible  and  ultraviolet  photochemistry  for  H  production  becomes 
possible  based  on  these  metal  atoms  at  much  longer  wavelengths  (with 
much  more  readily  available  photons)  than  for  pure  H2(s). 

For  example,  for  Li,  the  processes 

(1)  Li  +  hv3233  X,  Li(3p) 

(2)  U(3p)  +  H2  LiH  +  H 

(3)  LiH  +  hv2g4o  A  L*(2p)  +  H 

(4)  Li(2p)  U  +  hv67oi  A 

occur  in  the  gas  phase  (although  process  2  has  not  yet  been  observed, 
similar  processes  have  been  observed  for  Na,  K,  and  Cs  whenever  they  are 
energetically  possible).  They  should  all  occur  in  H2(s),  although  the  optical 
wavelengths  should  be  slightly  shifted. 

Adding  equations  (1)  through  (4),  one  obtains 

H2  +  hv3233  A  +  **^2340  A  2H  +  hv67oi  A 
This  corresponds  to  a  photocatalytic  scheme  by  which  H2  and  2  UV  photons 
generate  2  H  atoms  (and  an  unimportant  red  photon).  Note  that  Li,  the 
photocatalyst,  is  neither  produced  nor  consumed  overall.  Hence,  hundreds 
or  thousands  of  H  atoms  can  potentially  be  produced  from  a  single  Li  atom. 
Similar  considerations  apply  for  all  the  ^'metal”  atoms  listed  above,  all  at 
wavelengths  which  are  easier  to  generate  than  the  844.45  A  wavelength 
required  for  pure  H2(s). 

PLAN  OF  RESEARCH 

Thus  we  propose  to  combine  the  cryogenic  and  solid  hydrogen 
expertise  at  Hawaii  with  the  optical  spectroscopic  and  laser  expertise  at 
Connecticut  to  study  the  above  techniques.  In  the  first  year  we  would 
optimize  tunable  light  sources  near  1000  A  and  near  2000  A  and  test  them 
on  H2  in  the  gas  phase  at  Connecticut,  while  an  optically  accessible  H2 
cryogenic  system  would  be  constructed  at  Hawaii.  In  the  second  year,  we 
would  irradiate  with  UV  and  VUV  photons  the  Hawaii  cryogenic  system  at 
Connecticut,  emphasizing  molecular  spectroscopy  and  its  relation  to  H2(s) 
crystallinity.  In  the  third  year,  we  would  attempt  photodissociation  of  H2 
just  below  the  H2(s)  bandgap,  and  study  the  resulting  atomic  spectroscopy. 
In  the  fourth  and  fifth  years,  we  would  study  using  atomic  and  molecular 
spectroscopic  diagnostics,  the  photocatalytic  production  of  H  in  H2(s)  doped 
with  various  “metal”  atoms. 


The  goal  of  these  studies  would  be  to  establish  the  fundamental 
limits  on  atomic  hydrogen  concentrations  in  H2(s)  (both  pure  and  metal- 
doped)  as  well  as  to  develop  powerful  spectroscopic  techniques  for 
characterization  of  cryogenic  solids  and  better  understanding  of  the 
broadening  and  shift  of  sharp  spectroscopic  lines  by  a  solid  matrix.  This 
work  would  also  complement  existing  theoretical  and  experimental  work 
on  hydrogen  clusters  and  cryogenic  hydrogen.  Although  it  is  not  discussed 
here  in  detail,  the  effect  of  pressure  on  H2(s)  is  large  and  the  appropriate 
spectroscopy  would  be  an  exciting  extension  of  this  proposal. 
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T.  E.  Sharp,  Atomic  Data  2,  119  (1971). 
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FIGURE  2 .  (2+1)  REMPI  spectrum  of  the  E,  F  state  in  H2wiih  VUV  laser 
radiation  generated  by  sum  frequency  generation  in  a  BBO  crystal.  Hydrogen  was 
seeded  10%  in  a  helium  expansion  and  laser  pulse  energy  was  »1(X)  pJ. 

M.  A.  Young,  University  of  Iowa,  private  communication  (1992). 
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The  University  of  Connecticut 
Laser  Facility  is  one  of  a  very 
small  number  of  laser  user  fa¬ 
cilities.  It  is  being  esublished 
(effective  9/1/93)  through  the 
Institute  of  Materials  Science  to 
support  the  research  efforts  of 
University  investigators  in  all 
fields  involving  lasers.  However, 
off-campus  users  from  industry, 
government,  and  other  educa¬ 
tional  institutions  are  also  wel¬ 
come. 

While  the  facility  supports  the 
work  of  others,  it  also  houses  the 
important  research  of  the  facil¬ 
ity's  staff  in  the  development  of 
new  lasers  and  of  new  laser 
techniques,  e.g.  in  high-resolu- 
tion  spectroscopy. 

Fundamental  photophysics  and 
photochemistry  studies  using 
lasers  constitute  an  important  part 
of  the  facility's  research.  Topics 
of  current  interest  include  all 
optical  multiple  resonance 
spectroscopy,  laser-induced  ion¬ 
ization  and  plasma  formation, 
laser  diagnostics  of  plasmas  and 
combustion  systems,  single  and 
multiphoton  photodissociation, 
diffuse  emission  bands,  spectra  of 
metal  dimers  and  clusters,  ultra¬ 
sensitive  detection,  laser  photo¬ 
chemical  reactions,  and  coherent 
laser  Raman  spectroscopies. 

Other  areas  of  interest  include 
materials  processing  (cutting, 
drilling,  welding,  inscribing), 
optical  image  processing,  use  of 
laser  and  fiber  optic  sensors,  and 
novel  laser  pumping  schemes. 

The  Connecticut  Laser  Facility 
offers  a  wide  variety  of  modem 
lasers  and  laser-related  instru¬ 
mentation.  (See  listiug  below.) 

The  facility  occupies  two 


nearby  laboratories  in  the  m 
Physics  Building:  A  new  cw  laseff 
laboratory  (1000  ft^)  and  a  new 
pulsed  laser  laboratory  (2000  ft^). 

STAFF  AND  STAFF  SERVICES 

William  C.  Stwalley.  Professor 
of  Physics  and  Chemistry  and 
Head  of  the  Department  of  Physics, 
is  Director  of  the  Coimecticut 
Laser  Facility.  Current  persormel 
include  Dr.  John  Bahns,  research 
associate,  who  is  responsible  for 
assisting  users  and  maintaining 
instrumentation;  and  Rod  Miller, 
research  assistant,  who  is  respon¬ 
sible  for  handling  inquiries,  data 
bases,  graphics,  accounts  and 
other  duties.  Educational  activities 
include  workshops,  open  houses 
and  Seminars. 


SERVICES  PROVIDED 

The  principal  service  provider 
by  the  facility  is  laser  irradiation 
by  one  or  more  of  the  lasers  noted 
below.  Additional  support  is  avail¬ 
able  in  the  following  areas: 

•  Consulting  on  experimental  de¬ 
sign 

•  Use  of  supplementary  equip¬ 
ment  (optical,  electronic,  high 
vacuum,  etc.) 

•  Assistance  in  performing  ex¬ 
periments  (and  in  analysis  and 
reporting  of  results) 

It  should  be  noted  that  these 
services  are  available  not  only  for 
the  research  areas  cited,  but  also 
in  other  areas  of  laser  application. 
The  laser  is  a  tremendously  ver¬ 
satile  device  and  innovative  ap¬ 
plications  of  lasers  in  areas  not 
currently  being  explored  in  the 
facility  are  particularly  welcome.! 
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FEES 

Facility  users  from  within  the  Uni¬ 
versity  of  Connecticut  are  charged 
$60/hour  for  laser  time  for  any  one  of  the 
laser  systems,  including  research  scientist 
time.  Off-campus  users  are  charged 
$9(Vhour  for  these  services.  Limited  funds 
are  available  to  defray  the  costs  of  demon¬ 
stration  or  proof-of-principle  experiments 
for  which  no  funding  is  yet  available.  In 
addition,  there  is  no  charge  for  initial  con¬ 
sultation  to  discuss  and  define  possible 
experiments  to  be  performed. 


PROCEDURES  FOR  POTENTIAL  USERS 

Despite  fairly  heavy  use  of  the  laser 
systems,  short  experiments  requiring  only 
a  few  hours  often  can  be  scheduled  within 
a  week.  An  extended  experiment  is  more 
difficult  to  schedule  on  short  notice.  Long¬ 
term,  heavy  use  of  a  particular  system  is 
not  normally  possible:  those  with  such 
potential  uses  may  wish  to  perform  demon- 

•  stration  experiments  and  then  purchase, 
rent  or  lease  a  laser  system  elsewhere. 
Proprietary  rights  of  users  will  be 
protected  given  advance  notice.  However, 
the  Laser  Facility  staff  expects  to  share  in 
developments  in  which  it  has  made  a  sig- 
niHcant  intellectual  contribution. 


MAJOR  INSTRUMENTATION 

I.  CW  Lasers  (P007A) 

A.  Three  Coherent  899-29  continu¬ 
ously  scannable  single  mode  tun¬ 
able  ring  laser  systems  (pumped 
by  LB.,  C.  or  D.;  100  mW-6  W  (3W 
single  mode)  at  wavelengths  in  the 
visible  or  near  infrared  (400-900 
nm)) 

B.  Coherent  Innova  200-25/7  UV  ar¬ 
gon  ion  laser  (25  W  visible  or  7  W 
ultraviolet  with  single  mode 
accessory  for  10  blue-green  and  9 
near  ultraviolet  lines) 


C 


Coherent  CR-3000  K  krypton  laser 


(3  W  total  with  single  mode  acces¬ 
sories  for  5  blue-green,  3  violet,  3 
near  ultraviolet,  1  yellow.  2  red 
and  3  near  infrared  lines) 

D.  Coherent  CR-18  argon  ion  laser  (18 
W  with  single  mode  accessories  for 
10  blue-green  and  6  near  ultravio¬ 
let  lines) 

E  Coherent  CR-6  argon  ion  laser  (6  W 
for  10  blue-green  lines) 

F.  Coherent  CR-2  argon  ion  laser  (2  W 
at  many  of  the  visible  lines 
mentioned  in  l.A.) 

G  Custom  Allied  Corp.  Alexandrite 
laser  (up  to  3  W  tunable  from  7(X)  to 
820  nm  in  the  near  infrared) 

II.  Pulsed  Lasers  (POOl) 

A.  Lambda  Physik  EMG  102SE  excimer 
laser  (^100  pulses/sec,  ~10*^  sec 
pulses),  ^250  mJ/pulse  (KrF); 
excimer  emission  at  157,  193,  222, 
249.  308  and  353  nm 

B.  Plasma  Kinetics  351  CVL  copper 
vapor  laser  with  average  output 
power  of  30  W  at  5.7  kHz 

C  LASAG  KLS-321  Nd:YAG  materials 
processing  laser.  20  J/pulse  at  1.06 
pm.  Pulse  length  variable  from  0.2 
to  20  ms.  Repetition  rate  1-100  Hz. 
Maximum  power  300  W. 

D.  A  nanosecond  tunable  solid-state 
laser  system  will  be  ordered  during 
the  coming  months  and  will  be 
described  in  an  update  of  this 
handout. 


III.  Support  Equipment 

A  variety  of  support  equipment  is 
available  including  small  lasers  (HeNe, 
diode),  spectrometers,  detectors,  and  data 
acquisition  systems  in  the  infrared,  visible 
and  ultraviolet;  optics;  electronics;  vacuum 
systems  (e.g.  time  of  flight  mass  spectrome¬ 
ter);  and  cryogenic  systems. 
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PROPULSION  SYSTEM  DESIGN  CONCEPT  USING 
FREE  RADICAL  HEDM  TECHNOLOGY 


JOSEE.CHIRIVELLA 

JET  PROPULSION  LABORATORY 
CAUFORNIA  INSmUTE  OF  TECHNOLOG  Y 
PASADENA,  CA 


PREPARED  FOR 

THE  AFOSR  HIGH  ENERGY  DENSITY  MATERIALS 
CX»nRACrORS  CONFERENCE 

NATIONAL  ACADEMY  OF  SCIENCES 
WOODS  HOLE,  MA,  JUNE  6-8, 1993 
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9BOFULSZ01I  SYSTEM  0BSZ6M  CONCEPT  USING  PEEE  BADZCXL 
HZGH-ENEEOY  DENSITY  KETTEE  (HEDK)  TECHNOLOGY 


J.E.  Chirivella 

J«t  Propulsion  Laboratory/  Pasadena,  CA 


1.  ZNTlfeOOUCTION. 

Desirable  Charaeteri  sties  of  a  Tree  Radi  cal  JHEDM  Propellant  Svstea. 

Free  radical  BEOM  propellant  technolo^  makes  use  of  high>energy 
aoleeular/atomic  systems  that  are  enriched  with  free  radicals  to 
obtain  high  performance  in  rocket  propulsion.  The  high  specific 
impulse  that  can  potentially  be  obtained  from  such  propellants 
makes  the  HEOH  concept  attractive  for  applications  involving  both 
spacecraft  and  launch  vehicles.  This  high  performance  is  derived 
primarily  from  the  high  heat  of  reaction  of  HEDM  propellemts  that 
results  in  high  combustion  temperature  Tq.  If  one  assumes  100% 
combustion  efficiency,  c*  can  be  adopted  as  a  figure  of  merit  for 
the  propellant  system 


7 


n/qyRTq 

yjl  [(Ttl)] 


(1) 


where  R  is  the  gas  constant,  and  y^the  gas  specific  heat  ratio.  As 
can  be  seen  from  Eq.  1,  for  a  value  of  Tg,  performance  is  favored 
by  those  HEDM  systems  that  result  in  low  molecular  weight  of  the 
exhaust  products,  but  in  order  to  maximize  c**  the  exhaust 
composition  has  to  be  somewhat  compromised  to  retain  an  acceptable 
value  for  the  gas  specific  heat  ratio. 


The  free  radicals  in  the  propellants  must  be  sufficiently  stable 
for  long-term  storage  without  excessively  degrading  their  initial 
high  energy  density,  i.e.,  concentration.  This  latter  requirement 
is  perhaps  the  highest  challenge  which  may  be  encountered  when 
developing  free  radical  HEDM  propellants.  Applications  of  HEDM  to 
propel  launch  vehicles  (LV)  can  be  somewhat  more  forgiving  in  this 
sense,  given  that  the  propellants  need  to  be  steUailized  only  for  a 
few  days,  from  fadarication  to  utilization.  Applications  to  space 
vehicles  (SV) ,  on  the  other  hand,  often  require  storage  periods  of 
months,  if  not  years.  HEDM  application  to  boosters  requires  also 
high  propellant  densities,  otherwise  the  installation  of  large- 
volume  tanks  would  be  necessary.  This  would  result  in  excessive 
launch  vehicle  cross  sections,  and  translate  into  high  drag  losses 
during  the  lower  portion  of  the  ascending  trajectory. 


An  important  feature  that  these  HEDM  propellant  systems  may  offer 
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in  certain  rockat  configurations  is  the  potential  for  very  high 
bum  rates,  which  means  high  thrust,  that  is,  high  acceleration. 
This  latter  characteristic  is  most  desirable  when  selecting 
propulsion  systems  for  high  speed  interceptors. 

Ciirrent  techniques  to  prepare  free  radicals  HEDM  propellants 
invaried>ly  invoke  the  trapping  of  free  radicals  in  a  low 
temperatiire  crystal  matrix.  The  trapped  free  radicals  consist  of 
atoms  and/or  atom  clusters  that  are  stabilized  (prevented  from 
undergoing  recombination)  by  keeping  the  teaqperature  low  and/or  the 
pressure  high  (Mbar  range?) .  The  alternative  of  stedsilizing  HEDM 
propellants  by  keeping  them  at  high  pressure,  is  hampered  by  the 
large  increase  in  tank  mass  that  can  be  tolerated.  One  possibility 
that  has  not  been  explored  yet,  however,  is  the  use  of  additives 
for  increasing  free  radical  stabilities  at  temperatures  and 
concentrations  that  would  otherwise  be  prohibitively  high. 
Exploratory  performance  calculations  have  fixed  the  minimum 
concentration  of  free  radicals  at  levels  of  5-10%  for  a  cost 
effective  but  practical  HEDM  implementation. 

To  keep  performance  high,  the  HEDM  solid  matrix  must  be  at  least 
one  of  the  major  propellants,  and  this  leaves  only  SO2  and  SHj  as 
the  most  likely  matrices  to  trap  free  radicals  (the  concern  for 
toxicity  and  environmental  impact  has  eliminated  other  candidates 
such  as  fluorine,  nitrogen  oxides,  etc).  In  general,  the  lower  the 
matrix  temperature  can  be  kept,  the  higher  the  energy  densities 
which  might  be  achieved  by  doping  the  matrix,  and  the  higher  the 
stability  of  the  free  radicals. 

As  a  final  note,  the  propellants  must  be  environmentally  sound, 
must  be  made  available  on  short-term  notice,  and  their  fabrication 
has  to  be  kept  at  reasonable  cost.  One  cannot  lose  track  either  of 
the  on-board  equipment  required  for  their  storage,  feed,  and 
injection  into  the  combustion  chamber.  It  has  been  a  experience  in 
propulsion  that  higher  specific  impulse  comes  always  accompanied  by 
an  increase  in  propulsion  system  dry  mass.  The  various  electrical 
propulsion  systems  proposed  and  developed  are  a  good  example,  and 
HEDM  technology  is  not  expected  to  be  an  exception.  A  summary  of 
desired  characterist5.cs  of  HEDM  propellants  is  presented  in  Table 
1. 

The  objective  of  this  study  is  to  explore  conceptual  designs  and 
configurations  of  propulsion  systems  which  employ  free  radical  HEDM 
propellant  technology.  Only  those  designs  that  can  be  implemented 
by  invoking  readily  (and/or  on  short-term  basis)  available 
technologies  have  been  considered.  Along  these  lines,  while  some 
esoteric  concepts  may  be  entertained,  emphasis  is  given  to  those 
concepts  that,  if  not  exploiting  the  full  potentials  of  HEDM,  do 
result  in  a  vehicle  that  exhibits  performance  superior  to  what  is 
nowadays  attained  with  chemical  propulsion.  Furthermore,  present 
liquid  propulsion  systems  powered  with  cryogenic  propellants  cannot 
be  readily  adapted  to  HEDM.  The  propellants  need  to  be  further 
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High  Coabustion  Tuiparatur* 

Low  Molocular  Wolght 

COBq;>osition  to  Yiold  an  Acceptable  Gas  Specific  Heat  Ratio 


i-J  A*) -J 'I 


High  Density 
Low  Cost 

Environaentally  Soiind 
Safe 

Most  LUcely  Candidates 
•  Fuel:  SHj 

-  Oxidizer:  SO2 

Best  Trapping  Results  Are  Obtained  at  Low  Tenperatures 
(a  Few  K)  and  High  Pressures  (a  Few  Mbar) 

For  Certain  Applications,  High  Bum  Rates  are  Desired 


Meed  to  be  Stable  for  Long-term  Storage  at  Concentrations 
Sufficiently  High  for  the  Propellant  to  E:dilblt  HEDM 
Performance 

Required  Stability  Must  Be  Met  at  Temperatures  Near  or  Above 
the  Helium  Lambda  Point 

Required  Stability  May  be  Achieved  by  the  Use  of  Additives 

The  Stability  Should  Be  Obtained  at  Pressvires  Not  Exceeding 
the  Propellant  Tank  Limits 

Propellant  must  be  Available  on  Short-Term  Basis 


:  ♦  J -1  ^  ‘■l'>  #  4  ^ 


Storage  System  Must  Be  Kept  Simple  and  Light 

Feed  System  and  Injection  Devices  cannot  Increase  the 
Propulsion  System  Dry  Mass 


Table  1.  Desired  Characteristics  of  Free  Radical  HEDM  Propellants 
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cool«d  to  solidify  them  into  free  radical  trapping  matrices. 

The  designs  thus  conceived  could  serve  as  a  test  bed  of  future  free 
radical  HEDM  proposals,  and  can  be  also  adopted  to  identify  the 
type  of  tec^ologies  that  must  be  demonstrated  for  the 
implementation  of  free  radical  KEIM  technology  in  launch  vehicles. 


2.  DIBXOH  JkPraOACB. 

Dtiiqa  PgiYfgit 

Becatise  of  the  short  term  technology  readiness  that  we  have  scoped 
for  our  study,  we  will  limit  our  review  to  SO2  and/or  SH2  as  the 
only  viable  candidate  matrices  for  free  radical  HEIM  applications. 

fQien  defining  the  matrix  domain,  one  may  think  of  a  polycrystalline 
solid  conglomerate  or  a  slurry  of  condensate  in  a  liquid.  One  can 
thus  have  the  basic  matrix  dispersed  as  a  solid  conglomerate  of 
hydrogen  (SH2)  or  oxygen  (SO2) ,  or  a  slush  of  hydrogen  (SLH2)  or 
oxygen  (SLO2)  •  will  see  later  that  there  is  no  strong  interest 
in  SLO2,  but  there  are  important  reasons  to  consider  a  slush  of 
solid  hydrogen  in  liquid  helixim  (SH2/LHe) . 

The  selection  of  SO2  makes  the  implementation  of  a  HEDM  propellant 
a  much  more  feasible  proposition,  given  that  it  does  not  call  for 
LHe  temperature  technology.  The  drawback  is  that  the  free  radicals 
that  can  be  trapped  with  sufficient  stability  within  these  matrices 
may  not  offer  the  attractive  energy  densities  that  have  been  quoted 
in  HEIM  studies.  In  addition,  the  HEDM  community  has  focused  their 
research  around  SH2  matrices,  and  the  only  information  available  on 
free  radicals  trapped  in  SO2  revolved  around  the  allotropic  forms 
of  oxygen.  At  this  time,  the  performance,  stability,  and/or 
existence  of  the  higher  energy  forms  are  still  speculative. 

SH2  calls  for  temperatures  that  can  only  be  obtained  using  LHe 
refrigeration  systems  (below  10  K) .  Even  at  pressures  of  a  few 
atmospheres,  the  large-scale  manufacture  of  HEDM  propellants  and 
their  long-term  stability  pose  a  major  challenge.  It  is  has  been 
found  that  at  temperatures  below  the  Lambda  point,  very  high-energy 
density  free  radicals  (such  as  atomic  hydrogen)  can  be  stabilized 
in  concentrations  of  a  few  percent.  Unfortunately,  operations  in 
large  scale  at  those  low  temperatures  become  impractical  due  to  the 
immense  refrigeration  systems  that  have  to  be  available.  A  relief 
in  logistics  and  economics  can  be  met  by  adopting  free  radicals 
that  can  be  kept  at  reasonable  concentrations  at  temperatures 
ranging  from  5  to  7  K  for  sufficiently  long  time.  Atomic  metals 
(Li,  Al,  B,  Be)  and  metalloid  clusters  (B2,  Cj)  fall  in  this 
category. 

Regardless  of  whether  SO2  or  SHj  are  selected  as  HEDM  matrices,  one 
must  first  undertake  the  challenge  to  design  propulsion  systems 
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that  aaqploy  ona  or  both  of  thasa  condansates  as  propallants,  as 
wall  as  a  launch  vahicla  and  ground  system  that  could  ba  credibly 
demonstrated  using  present  technology.  Once  the  engineering 
elements  of  such  a  project  have  been  identified  and  solved,  it  is 
a  matter  of  extending  those  technologies  to  the  utilization  of  free 
radical  doped  HSmfs  using  as  matrices  those  condensate,  and 
employing  design  elements,  processes  and  operations  that  have  been 
demonstrated  in  a  propulsion  system.  This  evolutionary  concept  is 
illustrated  in  Figure  1. 

hntioipated  Results. 

The  addition  of  free  radicals  can  be  thought  of  as  an  enhancement 
with  its  unique  engineering  schemes  and  enabling  technologies. 
This  proposed  approach  permits  to: 

(1)  Disentangle  the  issues  peculiar  to  the  condensed 
propellants  from  those  others  raised  by  the  utilization 
of  free  radical  HEDM  technology. 

(2)  Identify  those  HEDH  schemes  that  can  be  readily 
implemented,  providing  thus  a  pathfinder  to  current  HEDM 
progrzuDS . 

(3)  Focus  and  enhance  objectivity  to  AFOSR  R&D  in  the  HEDM 
Program. 


3.  SOLID  HYDR06EH  AS  A  PROPELLAMT. 

Densificatioa  of  LH; 

One  of  the  problems  for  the  utilization  of  hydrogen  as  a  propellant 
is  its  low  density.  LHj  has  a  density  of  0.070  g/cc.  Even  if  this 
propellant  has  been  used  extensively  in  the  lunar  program  and  also 
in  various  launch  vehicles,  its  inherent  low  density  leads  to  large 
tanks  which,  as  mentioned  above,  can  lead  to  unacceptable 
atmospheric  drag  losses  during  the  ascent  of  the  launch  vehicle. 
This  is  also  the  reason  that  launch  vehicles  employing  LH2  operate 
at  an  oxidizer/ fuel  ratio  higher  than  the  optimum  required  for 
maximum  specific  impulse.  Only  the  Orbiter  main  engines  and  the 
Japanese  H-II  launch  vehicle  employ  LH2/LO2  first  stage. 
The  current  launch  vehicle  design  trend  is  to  use  more  compact, 
lower  specific  impulse,  solid  rocket  motors  for  the  first  stages, 
and  reserve  LH2/LO2  for  the  upper  stages.  Current  tank  mass  factors 
for  LH2  range  from  15-25%  at  moderate  pressures. 

The  problem  can  be  ameliorated  by  using  densif ication  of  hydrogen 
and  storing  it  as  SH2.  With  its  higher  density  (0.086  g/cc),  SH2 
already  signifies  a  19%  savings  in  tank  volume,  and  as  much  as  12% 
reduction  in  tank  mass.  In  addition,  adopting  SH2  as  a  propellant 
opens  the  path  to  its  future  utilization  as  a  free  radical  trapping 
matrix. 
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Preparation  and  aaintananca  of  large  amounts  of  SHj  call  for 
additional  developments  given  that  SH2  cannot  be  readily  pumped 
Into  the  combustion  chamber,  and  it  may  be  necessary  to  totally  or 
partially  melt  it  before  its  pumping  Into  the  chamber  at  high 
pressure.  In  short,  switching  from  LHj  to  SHj  will  recpiire  new 
storage  schemes,  new  pumping  systems,  and  a  yet  unknown  mass  of 
super-insulation  and  heat  sinks  that  will  have  to  be  installed  on 
the  LV. 

tar  g^lid  BYtewnt 

SIi2  can  be  stored  as  a  slurry  (introduced  above  as  slush  hydrogen) 
consisting  of  SH2  dispersed  in  UI2.  This  approach  can  be 
accomplished  by  installing  separate  tanks  aboard  the  LV  for  SH2  and 
LH2,  and  arranging  for  a  mixing  reactor  for  the  onboard  production 
of  SUI2  (see  Figure  2) .  Another  scheme  using  a  single  tank  loaded 
with  SIil2  is  presented  in  Figure  3.  The  first  approach  may  be  more 
convenient  in  those  cases  where  the  slush  is  not  stabilized 
sufficiently  long  before  its  utilization.  It  suffers  from  the 
drawback  of  necessitating  a  larger  dry  mass  than  the  single  tank 
scheme.  Notice  that  low  pressure  and  high  pressure  pumps  are 
required  to  inject  the  hydrogen  into  the  super-critical  combustion 
chamber.  Also,  and  in  order  to  protect  the  high-pressure  ptmp  from 
erosion,  it  may  be  necessary  to  add  a  liquefier  stage  between  the 
low  and  high  pressure  pumps  to  convert  the  Slil2  into  UIj. 

Another  alternative  that  has  been  proposed  in  the  past  (Ref.  l)  but 
which  is  somewhat  speculative,  is  l^e  storage  of  hydrogen  as  a 
solid  with  a  certain  amount  of  atomic  hydrogen  trapped  in  the 
matrix.  The  amount  of  atomic  hydri^en  needs  to  be  only  sufficient 
to  release  enough  energy  for  melting  the  SH2.  In  this  manner,  a 
melting  front  is  achieved  which  can  then  be  -  with  a  propellant- 
management  device  -  delivered  to  a  low  pressure  pump.  Following 
our  rule  of  addressing  only  short-term  technology,  we  will  not 
elaborate  this  scheme  at  present. 

Slush  HYdrooen  as  a  Fuel. 

The  requirement  for  densification  of  LH2  is  not  unique  to  launch 
vehicles.  It  is  shared  by  hypersonic  airplanes  using  LH2  as  a 
fuel,  such  as  the  National  Aerospace  Plane  (HASP),  see  Refs.  2-3. 
From  the  two  techniques  selected  by  NASP  to  densify  LH2,  triple¬ 
point  hydrogen  (TPH)  and  slush  hydrogen  (SLH2) ,  only  SLH2  has  been 
found  an  attractive  possibility  because  of  the  simultaneous 
occurrence  of  two  important  properties:  increased  density,  and 
increased  heat  capacity  (see  Figure  4).  There  are,  however, 
certain  areas  in  need  of  engineering  solutions  to  carry  forward  the 
implementation  of  SLH2  on  a  large  scale,  and  these  are: 

1.  Slush  hydrogen  production  in  a  large  scale. 

2.  Gelation  of  hydrogen  and/or  SLH2. 

3.  Stability  and  storage  of  SLH2. 

4.  Expulsion  of  SLH2  from  tank. 

5.  Pumping  and  flow  control. 
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Figure  2.  SLII2  Slu«h/L02  Schene  -  Two  Tank  Sjaten  with  On-Board  Mixing 


Figure  3.  SLH2  8lueh/L02  Scheae  -  One  Tank  Syaten  with  Pre-Mlaed  Slueh. 
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Figure  4.  Ccparlson  of  PropertU*  for  TP  Hydrogen  and  501  Sluah  Hydrogen. 


Ldguefaction  and  injection. 
Instnmentation . 

Safety. 


Large-Scale  Production  of  8LH2. 

From  the  enabling  technologies  outlined  above,  the  aost  challenging 
is  undo^xbtedly  the  large-scale  production  of  LSH2.  Three  methods 
have  so  far  been  considered  by  MASA/Lewis  Research  Center  for  the 
HASP  program  (Ref.  3).  The  freeze-thaw  method,  the  auger  method, 
and  magnetic  refrigeration.  In  the  freeze-thaw  method,  SE,  is 
obtained  by  evaporative  cooling  in  a  series  of  freeze-thaw  cycles. 
Agitation  is  employed  in  the  process  to  avoid  the  agglomeration  of 
SHj.  The  method  is  well  characterized  and  dociimented.  At  present, 
this  method  is  the  most  promising  process  for  short-term 
implementation  of  large-scale  production  of  SLH2.  In  the  auger 
method,  SH2  is  trapped  by  a  cold  surface  which  is  kept  cold  by  a 
LHe  refrigerator.  The  trapped  SH2  is  mechanically  removed  by  using 
an  auger,  and  mixed  with  the  LH2.  Process  data  exists  for  small- 
scale  production  only  and  the  resulting  SH2  properties  appear  to  be 
similar  to  those  obtained  by  the  freeze-thaw  method.  The  magnetic 
refrigeration  process  is  available  only  in  its  conceptual  stage  at 
present,  but  may  become  of  value  as  an  enhancing  technology  in  the 
future . 

The  advanced  stage  of  development  of  the  SLH2  makes  it  extremely 
attractive  for  our  purposes,  but  it  is  not  voided  of  some 
engineering  issues  that  need  to  be  overcome,  among  which  are: 

1.  The  onset  of  thermally  driven  acoustic  oscillations 
(Ref.  4). 

2.  The  sloshing  of  SHj  in  tank. 

3.  The  dynamics  of  the  thermal  interface  between  the  slush 

and  the  ullage  gas. 

4.  The  peculiar  heat  transfer  phenomena  due  to  thermal 

gradients  within  the  tank  and  the  mass  of  SLH2. 

5.  The  high  pressure-drop  in  SLH2 

6.  The  difficulty  in  measuring  and  controlling  the  SLH2 

fraction  history. 

Slush  SH;  in  LHe. 

Because  of  its  obviously  favorable  conditions  for  future  free 
radical  HEDM  applications,  there  is  serious  consideration  on 

whether  lower  operating  temperatures  can  be  achieved  by  making  a 
slush  of  SH2  with  LHe.  A  slush,  such  as  SH2/LHe,  can  provide  a 
medium  to  establish  free  radicals,  not  only  for  the  energetic 
metallic  atoms  and  metalloid  clusters,  but  even  for  the  most 
attractive  free  radical  which  is  atomic  hydrogen.  If  one  would 
consider  to  employ  helium  instead  of  hydrogen  as  a  fraction  of  the 
fuel,  the  performance  penalty  resulting  for  thermochemical 
eguilibrixim  calculations  is  not  large,  and  may  in  the  end  nearly  be 
offset  by  the  high  density  of  LHe. 


Ther*  ar«  the  necessary  drawbaclcs,  such  as  the  open  question  on  the 
stability  of  the  slush,  as  well  as  to  its  suitability  for 
transportation,  storage,  pumping,  and  SH2  agglomeration  in  the 
slush  due  to  the  superfluidity  of  He  II.  There  are  indications  of 
the  possibility  of  forming  such  slush  (see  Ref.  5) ,  but  the 
feasibility  of  forming  SH2/LHe  slush  in  large  quantities  remains  to 
be  demonstrated.  What  is  most  important,  the  large  amounts  of  LHe, 
which  would  be  lost  to  the  atmosphere  in  LV  boosters  as  He  is 
injected  into  the  combustion  chamber,  may  signify  a  major  challenge 
to  the  national  capacity  of  LHe  production. 

As  we  shall  see  later,  there  is  a  potential  application  for  this 
type  of  SH2/LHe  slush  which  may  be  most  Important  and  intriguing: 
LHe  can  be  percolated  out  of  the  slush  a  few  hours  before  launch, 
and  recovered  in  a  closed-loop  refrigeration  cycle  for  later 
utilization.  The  matrix  of  SH2  could  then  be  maintained  and  left 
within  the  LV  at  temperatures  below  the  Lambda  point,  a  most 
convenient  arrangement  for  the  implementation  of  HEDM. 


4.  FEED  AMD  INJECTION  SCHEMES  FOR  SOLID  HYDROGEN. 

When  operating  the  combustion  chamber  under  sub-critical 
conditions,  there  is  a  siibstantial  heritage  for  feed/ injection 
systems  derived  from  the  Centaur  and  Apollo  programs.  Super¬ 
critical  hydrogen  pumping  and  injection,  a  superior  performing 
scheme,  is  still  considered  to  be  a  high  technology,  but  it  has  the 
benefit  of  the  Orbiter  main  engine  heritage,  and  from  this  point  of 
view,  it  can  be  considered  a  technology  at  hand.  This  scheme  is 
also  well  suited  for  retaining  regenerative  cooling  (only  the  low 
pressure  segment) ,  but  requires  the  addition  of  a  high-pressure 
pumping  stage.  Pumping  of  the  SHL2,  even  if  in  its  embryonic 
stage,  has  been  demonstrated  in  the  HASP  program.  If  one  were  to 
adopt  the  siib-critical  injection,  used  by  NASP,  it  is  still 
possible  to  incorporate  regenerative  cooling  in  the  low  pressure 
segment  and  combine  it  with  the  liquefier  stage  discussed  above  and 
shown  in  Figures  2  and  3. 

We  have  seen  the  difficulties  which  are  incurred,  even  with  undoped 
SH2,  if  one  were  to  adopt  the  common  practice  of  splitting  the 
processes  of  propellant  production,  storage  in  the  LV  tanks, 
pumping,  and  injection.  Considerable  simplification  can  be 
achieved  if  one  were  to  consider  the  combustion  chamber  also  as  the 
propellant  preparation  reactor  and  the  storage  tank.  This  brings  us 
to  an  altogether  different  approach  which  will  be  considered  in  the 
ensuing  sections,  and  which  does  not  require  the  "moving  around"  of 
the  HEDM  propellant. 


5.  SOLID  OXYGEN  AS  A  PROPELLANT. 

There  is  no  information  in  the  open  literature  in  using  solid 
oxygen  as  a  propellant.  The  little  experience  existing  on  the 
handling  of  solid  oxygen  is  derived  from  the  accidental  freezing  of 
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oxygen  when  air  comes  in  contact  with  liquid  hydrogen  or  liquid 
helium.  When  SO2  is  formed  at  temperatures  below  20  K,  it  appears 
to  have  a  rough  texture  with  jagged  edges.  At  higher  temperatures, 
however,  there  is  work  in  progress  that  seems  to  indicate  that  it 
behaves  as  a  plastic.  Much  work  remains  to  be  done  in  this  area. 


6.  XBBOZNQ  or  HYBRID  ROCKET  TECBM0L06Y  WITH  DEM8IFZSD  CRY06BHZC 
PROPELLRHTB. 

A  hybrid  rocket  motor  is  a  rocket  in  which  the  fuel  is  stored  in 
the  combustion  cheuober  in  a  manner  similar  to  a  solid  propellant 
rocket  motor.  The  oxidizer,  however,  is  stored  in  liquid  form  and 
is  kept  in  a  tank.  During  operation,  the  oxidizer  is  fed  into  the 
chamber  by  means  of  a  gas  generator.  The  burning  of  solid 
propellant  with  the  oxidizer  vapor  takes  place  along  a  series  of 
ports  longitudinally  arranged  (Figure  5) .  The  oxidizer  is  injected 
into  a  pre-combustion  chamber  by  means  of  a  shower-head  injector. 
Its  length  only  needs  to  be  sufficient  for  the  propellant  to  become 
vaporized,  before  it  is  manifolded  to  each  one  of  the  fuel  ports. 
In  some  designs,  there  is  also  a  post-combustion  chamber  wherein 
the  combustion  comes  to  completion,  and  where  there  may  or  may  not 
be  further  injection  of  oxidizer. 

In  an  alternate  arrangement  (Figure  6) ,  a  solid  oxidizer  is  encased 
in  the  combustion  chamber,  and  liquid  fuel  is  injected  instead. 
This  configuration  is  known  as  a  reversed  hybrid  motor. 

Hybrid  motor  technology  hzis  been  known  for  a  long  time  (see  for 
example  Ref.  6),  but  has  recently  acquired  new  impetus  because  of 
a  Congressional  mandate  to  NASA  to  eliminate  HCl  from  SRM  boosters 
because  of  its  adverse  environmental  impact  on  the  ozone  layer.  In 
FY93,  NASA  initiated,  in  conjunction  with  the  rocket  industry,  an 
effort  to  develop  and  test  large  hybrid  motors  for  launch  vehicles. 
Demonstrations  of  large-scale  motors  have  already  been  undertaken 
by  the  American  Rocket  Company,  Ref.  7,  and  other  motor 
manufacturers.  Their  findings  and  the  current  developments  are 
most  germane  to  our  purposes,  as  we  shall  see  in  the  following 
sections. 


7.0.  THE  ALL-CRYOGENIC  SH2/S02  SOLID  ROCKET  MOTOR. 

A  third  possibility  is  the  encasing  within  the  combustion  chamber 
of  both,  the  SH,  and  SO2  matrices.  The  resulting  agglomerate  would 
consist  in  a  mixture  of  fuel  and  oxidizer  grains,  as  in  a  double 
base  solid  rocket  motor.  This  approach  would  take  advantage  of  the 
technology  accumulated  in  high-performance  solid  rocket  motors. 
The  all-cryogenic  solid  rocket  motor  (Figure  7)  constitutes  a  most 
intriguing  approach,  not  only  because  of  its  simplicity,  but 
because  it  also  offers  the  possibility  of  very  high  burn  rates. 
Present  burn  rates  in  solid  propellants  are  about  1  in/sec  for 
particle  sizes  of  a  few  microns,  and  fine-to-coarse  ratios  of 
50/50,  when  using  0.7%  of  burn  additives.  Hybrid  motors  show  as 
much  as  2  in/ sec,  and  a  cryogenic  solid  would  most  likely  display 
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Figure  5.  Hybrid  Rocket  Motor 
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Figure  7.  Cryogenic  8R2/S02  Solid  Rocket  Motor. 


10-20  in. /sec.  These  high  burn  rates  make  these  systems  ideal  for 
propelling  fast  interceptors  (a  sort  of  a  Super-Patriot 
Interceptor) ,  which  could  arrest  the  few  missiles  that  may  have 
penetrated  the  first  line  of  defense.  These  fast  interceptors 
would  be  employed  for  the  terminal  line  of  defense  only,  given  that 
cryogenic  SRM  systems  cannot  be  massively  deployed  due  to  economic 
constraints. 


8.  lihBOB-SCXLB  ZMTBGBATIOH  OF  CRyOOENIC  HEDM  PROPELLED  LAUNCH 
VEHICLES. 

BHtiqB.Bfgyirtmfatff  log  grpuad-gsvilitig?. 

We  have  so  far  discussed  propulsion  system  designs  which  would 
enable  the  utilization  of  SH2  and/or  SO2  as  propellants.  Whether 
or  not  the  solid  matrices  are  doped  with  HEDM  free  radicals  does 
not  affect  the  discussed  schemes,  except  in  the  issue  of  free- 
radical  steUsility  and  propellant  storage  lead  times.  In  what 
follows,  we  will  proceed  to  integrate  the  technologies  discussed 
above  with  the  in-situ  preparation  and  utilization  of  free  radical 
HEDM  propellants. 

The  nature  of  free  radical  HEDM  propellants  present  unique 
challenges  in  the  logistics  of  ground  operations.  The  sites  for 
propellant  fabrication  and  loading,  the  facilities  for  integration 
of  the  LV  and  SV,  and  the  launch  pad  site  need  to  be  in  close 
proximity,  if  not  within  the  sane  facility.  One  could  in  principle 
adopt  the  same  site  for  all  the  aforementioned  operations.  This 
approach  has  its  advantages  in  that  enormous  simplification  is 
introduced  in  ground  operations,  resulting  in  lower  costs,  and 
assuring  a  prompt  state  of  readiness.  Furthermore,  one  cryogenic 
installation  could  service  a  cluster  of  launch  vehicles.  The 
approach  has  the  obvious  disadvantages  of  strategic  vulnerability 
due  to  the  loss  of  mobility.  Its  main  application  would  be  In  LVs 
for  cargo  delivery  to  orbit  and/or  In  terminal  Interception  by  fast 
ground-based  AMB. 

Launch  Site  Configuration. 

A  sketch  of  a  facility  for  large-scale  Integration  of  a  cluster  of 
free  radical  HEDM  launch  vehicles  based  on  SH2  and  using  the 
cryogenic  hybrid  approach  Is  shown  In  Figure  8.  The  selection  of 
SH2  does  not  exclude  other  approaches,  and  Is  made  for  the  purposes 
of  Identifying  the  Implementation  issues.  Notice  that  several 
sections  of  the  LVs  are  clustered  within  the  same  cryogenic 
facility  which  Is  built  underground  and  isolated  from  the 
environment  by  means  of  superinsulation  and  a  LHe  refrigeration 
system  enclosed  within  a  LN2  refrigerated  liner.  These  sections 
are  the  HEDM  portion  of  the  vehicle,  and  are  prepared  and  serviced 
in-situ. 

The  LVs  are  assembled  and  readied  In  separate  silos.  The  HEDM 
section  of  the  LV  Is  extracted  from  the  cluster  facility  and 
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introduced  into  tho  launch  tuba  which  is  equipped  with  super¬ 
insulation  and  refrigeration  scheme  similar  to  the  cluster 
facility.  The  SKj  section  is  mated  to  the  LO,  tank  section  and 
integrated  with  the  payload/ fairing  assembly  within  the  launch  tube 
of  the  silo  (see  Figure  9) .  When  ready,  the  upper  door  of  the  silo 
opens  a  few  seconds  before  the  extraction  mechanism  impels  the  LV 
up%rards,  in  a  manner  similar  to  the  Poseidon  mechanism.  The  launch 
t\ibe  is  prolonged  beyond  the  cryogenic  door,  and  a  fire-wall  daiqper 
is  quickly  actuated  in  the  launch  tube  extension,  making  it 
possible  to  Ignite  the  hybrid  motor  seconds  after  the  extraction 
without  the  hot  exhaust  gases  impinging  and  damaging  the  silo's 
cryogenic  structures. 

HBDM  Propellant  Preparation. 

The  free  radical  HEDM  propellant  sections  are  assembled  and  loaded 
within  the  cluster  facility.  A  viadale  HEI»!  propellant  preparation 
process  could  be  accommodated  by  adopting  an  arrangement  as 
sketched  in  Figure  10.  Six  injector/combustion  chamber  shells  are 
collocated  within  the  cluster  cryogenic  facility.  Note  in  Figure 
9  that  the  propellant  grain  had  a  central  port  within  which 
combustion  is  to  take  place  in  the  hybrid  motor  (there  will  be  in 
an  actual  motor  a  number  of  ports,  but  the  central-port  concept 
will  suffice  at  present  for  discussion  purposes) . 

Coannular  with  the  port,  and  before  propellant  fabrication,  an 
insert  is  introduced  (see  Figure  11)  for  injecting  a  mixture  of 
hydrogen  gas  and  free  radicals.  The  process  is  shown  in  Figure  12, 
where  one  can  see  the  free  jet  of  hydrogen  gas  and  radicals 
impinging  on  a  growing  matrix  of  SH2;  this  matrix  is  formed  on  the 
shell  wall  and  baffles,  which  are  in  turn  refrigerated  with  Ule. 

Techniques  such  as  centrifugation  of  the  condensate  and/or 
electrophoretic  processes  may  be  required  to  densify  the  matrix. 
At  the  present,  however,  it  appears  that  the  best  procedure  is  to 
form  a  slush  of  SH2  and  LHe.  The  agglomeration  of  SH2  on  the  wall 
and  baffles  could  be  induced  by  the  percolation  of  LHe.  The  LHe 
could  then  be  collected  from  the  bottom  and  circulated  through  the 
facility  in  a  closed  loop.  Hence  the  value  of  exploring  the 
properties  of  SH2/IJle  slush. 

The  insert  tube  (see  Figure  12)  has  a  dual  function: 

1.  To  manifold  and  inject  into  the  shell  jets  of  gaseous 
hydrogen  mixed  with  free  radicals. 

2.  To  produce  free  radicals  by  microwave  discharge  of  the 
parent  molecules. 

To  this  end,  the  insert  has  been  designed  as  a  bi-wall  tube,  with 
the  inner  tube  perforated  to  provide  a  uniform  plenum  pressure 
along  its  length.  The  cavity  between  the  tubes  is  in  this  manner 
kept  at  a  constant  temperature  and  can  produce  a  uniform  spray  of 
gas.  Upstream  mixing  of  the  hydrogen  gas  with,  let  us  say  borane 
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Figure  9.  Hybrid  Launch  Vahlclei  Single  Stage. 


propellant. 


Figure  10.  Cryogenic  Hybrid  Motor  Before  Propellent  Depo.ltlon. 


INSERT  TUBE 


Deposition  of  HBDH  Propellant  on  Cryogenic  Motor  Shell 
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Figure  12.  Propellant  Fabrication  Inaert. 


or  pontaborano,  is  parforaed  if  one  determines  that  free  radicals 
of  boron  are  desired.  The  free  radicals  could  be  produced,  for 
instance,  by  inducing  a  microwave  discharge  in  the  wave 
guide/ resonator  assembly  after  the  gas  mixture  has  been  accelerated 
during  the  expansion  to  supersonic  regime. 

The  concept  described  above,  although  relatively  simple,  is 
abundant  with  small  but  important  engineering  difficulties  and 
uncertainties  that  need  to  be  overcome.  A  fairly  large  gaseous 
flow  rate  of  free  radicals  suspended  in  gaseous  hydrogen  need  to  be 
manufactured  and  impinged  against  a  growing  matrix  of  SH2.  In 
order  to  avoid  the  ever  increasing  threat  of  acoustic  instabilities 
within  the  combustion  chamber  of  high  performance  propellants,  it 
is  most  important  to  control  the  uniformity  of  the  grain 
distribution,  as  well  as  the  homogeneity  of  the  trapped  free 
radicals.  It  is  precisely  in  this  step  of  the  process  where 
development  is  needed,  and  should  received  most  serious 
consideration  when  addressing  or  proposing  new  techniques  for  free 
radical  HEOM  propellant  preparation. 


8.  COHCLUSIONS. 

1.  On  reviewing  the  technology  of  SHj  as  a  propellant,  it 
has  been  found  that  SLH2  slush  and  triple  point  hydrogen 
(TPH)  technology  is  well  at  hand  and  can  be  readily 
implemented  in  a  large  scale  on  a  short-term  basis. 

2.  There  is  hardly  any  data  on  the  utilization  of  SO2  as  a 
propellant.  Its  physico-chemical  and  mechanical 
properties  at  low  temperatures  need  to  be  investigated. 
The  doping  of  SO2  with  free  radicals  has  not  been  given 
the  same  attention  than  in  SH2. 

3.  The  implementation  of  free  radicals  HEOM  based  on  an  SO2 
matrix  is  substantially  easier  to  implement  than  it  is  in 
SH2,  but  the  resulting  performance  improvements  cannot  be 
estimated  at  present  because  of  lack  of  data. 

4.  SH2/LHe  slush  is  technologically  feasible,  at  least  in  a 
small  scale.  Only  one  scheme  appears  practical  for  this 
application:  employing  the  slush  to  maintain  SH2  at 
temperatures  below  the  Lambda  point,  by  percolating  LHe 
out  of  the  SH2/LHe  slush  and  recovering  the  LHe  in  a 
closed  loop  refrigeration  cycle. 

6.  SH2/SO2  mixture  implemented  in  a  solid  rocket  motor 
scheme  is  a  most  interesting  and  intriguing  approach  due 
to  its  potentials  in  propelling  fast  interceptors.  Data 
to  prove  its  feasibility,  however,  does  not  exist. 

7 .  Large-scale  integration  of  SH2  and  SO2  hybrid  systems 
appears  to  be  the  primary  framework  for  the 
implementation  of  free  radical  HEDH  propulsion  systems. 
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D«vttlopaent  of  this  concept  as  a  test  bed  of  KEIM 
propellants  could  become  a  most  useful  project  to 
NASA/DoD  since  it  would  bring  into  focus  the  AFOSR  and 
NASA  HEOM  technical  programs. 

8.  The  uniformity  and  homogeneity  of  a  free  radical  HSraf 
propellant  is  to  have  an  impact  on  the  acoustic  stability 
of  combustion  chambers  using  those  propellants. 


9  .  SBC0101SHDATI0N8  . 

The  findings  of  this  brief  design  study  are  siimmarized  herein 
according  to  the  three  basic  concepts  which  are  recommended  as  test 
beds  for  Research  and  Development  of  free-radical  HEOM  properties. 

1.  SOj  Reveirsed  Hybrid  Rochet  Motors. 

(a)  Investigate  free-radical  HEDM  candidates  in  SO2 
which  offer  promising  performance. 

(b)  Determine  the  effects  of  temperature  and  pressure 
on  the  stability  on  such  properties. 

(c)  Investigate  the  physical  properties  of  SO2 

aggregates  at  temperatures  ranging  from  10  K  to  LO2 
temperatures . 

(d)  If  the  results  from  (a) ,  (b) ,  and  (c)  are 

justified,  undertake  an  additives  progreun  to 
enhance  propellant  properties. 

2.  SH2  Hybrid  Rocket  Motors. 

(a)  Investigate  techniques  to  obtain  densified  SH2  as  it 
grows  on  LHe  cooled  surfaces. 

(b)  Determine  the  physico-chemical  properties  of  SH2 
aggregates . 

(c)  Determine  the  mechanical  properties  of  SH2 

aggregates . 

(d)  Undertake  an  additives  progreua  to  enhance  the 
stability  of  free-radical  HEDM  properties  using  SH2 
as  a  matrix. 

(f)  Undertake  a  systematic  investigation  on  the 

characteristics  of  SH2/LHe  slush.  Specifically 
investigate: 

i.  Preparation. 

ii.  Temperature  and  pressure  effects. 
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iii.  LHe  percolation  from  the  slush. 

Iv.  Undertake  an  additives  program  to  enhance  the 
slush  desirable  properties. 

3.  SH2/SO2  Cryogenic  Solid  Rocket  Motor. 

(a)  Develop  methods  for  the  preparation  of  stable 
polycrystalline  mixtures  of  SH^/SO,.  Investigate 
both: 

i.  Single-base  propellant,  that  is  a 
polycrystalline  aggregate  of  H2/O2  mixed  at  the 
molecular  level. 

ii.  Double-base  propellant,  that  is  an  aggregate 
of  SH2  crystals  intermixed  with  SO2  crystals. 

(b)  Determine  the  physico-chemical  properties  of  the 
resulting  mixtures. 

(c)  Determine  the  mechanical  properties  of  the  solid 
mixtures . 

(d)  Investigate  the  st2d>ility  of  such  mixtures  and  the 
need  for  an  additives  program  to  increase  the 
stability  if  necessary. 

(e)  Conduct  studies  and  . experiments  to  determine 
performance  projections  and  burning  rates. 
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Introduction 

The  teduiique  of  matrix  isolation  spectroscopy*  has  served  as  a  powerful  tool  for  foe  study 
of  reactive  diemi(^  species.  The  q;)ecies  of  interest  can  be  prepared  in  various  ways.  One 
common  technique  involves  foe  photolysis  of  a  precursor  molecule  in  the  matrix  to  produce  a 
reactive  ^tecies  directly  as  a  photoproduct  Another  technique  involves  the  fvoductfon  of  an  atom 
or  radical  by  photolysis  ufoich  subsequently  reacts  wifo  some  ofoer  radical  or  molecule  In  foe  matrix 
to  produce  foe  species  of  interest**^ 

In  both  of  foe  above  tedmiques,  the  rates  for  atomic  and  molecular  mobility  in  die  matrix 
are  of  prime  importance.  If  die  radical  is  produced  by  reaction  of  two  species  in  foe  ''atrix,  die 
timescale  for  its  production  will  be  effected  by  die  diffusion  time  of  reactam  in  the  nnrix.  Once 
a  radical  is  produced,  its  lifetime  will  be  determined  in  part  by  die  time  that  it  takes  for  the  radical 
to  diffuse  to  some  ofoer  reactant  in  the  matrix. 

It  is  also  possible  that  the  reactive  species  can  absorb  electromagnetic  radiation.  This 
radiation  can  then  be  degraded  into  energy  in  translational  and/or  internal  degrees  of  freedom.  If 
a  significant  amount  of  die  initially  absorbed  energy  eventually  resides  in  translational  d^pees  of 
freedom  of  foe  reactive  qiecies,  foe  mobility  of  this  ^lecies  can  be  enhanced.  This  processes  has 
beoi  termed  ”photoindu(^  mobility*^.  This  is  a  particularly  likely  process  when  the  reutive 
species  can  form  an  excited  state  or  charge  transfer  complex  with  die  host  material.  Under  diese 
circumstances  relaxation  of  foe  complex  will  ^ically  lead  to  a  transition  where  die  constituents  of 
die  complex  are  placed  on  foe  repulsive  wall  of  foe  ground  state  potential  energy  surface  leading 
to  translational  excitation  of  foe  species.  We  have  observed  such  behavior  for  XeO  complexes  and 
have  published  results  in  this  area  We  have  also  observed  this  behavior  for  H  atoms  and 
discuss  initial  results  in  this  area  in  this  report. 

Clearly  both  diffusion  and  photoinduced  mobility  impact  on  foe  abilior  to  "store*  reactive 
dhemical  species  in  a  matrix  when  these  species  are  product  by  photolysis.  Indeed  some  of  the 
rqiorts  of  highly  mobile  atoms  foat  exist  in  foe  literature  may  derive  from  foe  photoinduced  mobility 
we  have  observed. 

We  also  report  on  some  recent  data  we  have  obtained  on  H  atom  foermal  mobilities.  By 
dianging  deposition  conditions  we  can  alter  foe  rate  for  H  atom  loss  in  a  xenon  matrix.  This 
change  in  loss  rate  as  a  function  of  deposition  conditions  is  ascribed  to  a  change  in  morphology  of 
foe  matrix  which  in  turn  effects  foe  foermal  nrability  of  H  atoms. 

Hnally,  some  recent  results  on  the  storage  of  O  atoms  in  xenon  matrices  will  be  briefly 
discussed. 

Experimental 

The  experimental  apparatus  used  in  these  studies  has  been  reported  on  in  detail 
previously^^.  For  H  atom  studies,  foe  output  of  an  ArF  excimer  laser  is  used  to  photolyze  HBr. 
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The  193  nm  output  of  this  laser  is  also  used  to  excite  H  atom  •  «non  exciplexes.  These  exdplexes 
hawe  been  reported  to  have  an  Xe2H  structure,  analogous  to  die  Xe^  structure  of  rare  gas  - 
halogen  exdplexes^.  Pulses  of  qiproximately  10  n\j/ciir  are  used  to  photolyze  the  samples  while 
significant^  reduced  energy  pulsM  are  used  to  probe  the  H  atom  conoentratkxi  via  Xe2H  mnisskm. 
For  O  atom  experiments,  the  output  of  an  exdmer  laser  operating  on  either  ArF  (193  nm)  or  KrF 
(248  nm)  vddi  fiuemes  typically  in  the  range  of  10.0  n^/ca?  is  used  to  irradiate  an  N20:Xe  matrix. 
For  bodi  systems  exc^Iex  emission  produced  upon  matrix  irradiation,  is  viewed  a  gated  (^cal 
multidiannel  analyzer  (OMA)  (Princeton  Instruments  model  IRY700)  attached  to  an  ISA  HR-320 
monochromator  equipp^  with  a  300  grooves/mm  grating  blazed  at  600  nm.  The  gate  widdi  of  the 
OMA  is  set  to  be  si^ficantly  longer  dian  the  fhumscence  decay  time.  The  output  from  the  OMA 
is  thus  the  int^rated  fiuorescence  signal  over  the  entire  duration  of  fluorescence  Miidi  is 
normaUzed  tqr  die  exdmer  laser  energy. 


Results 

The  Xe2H  emission  profile  shown  in  Figine  1  was  obtained  subsequent  to  193  nm  excitation 
of  a  1:800  HBr:Xe  matrix  wdiich  has  been  subjected  to  7.0  mJ/cm^  ArF  photolysis  pulses.  This 
emission  which  peaks  at  2S0  ±  0.2S  nm  widi  a  full  widdi  at  half  nuximum  of  17.5  ±  0.25  nm  is 
assigned  to  Xe2H  exciplex  emission.  The  position  and  half  width  are  in  good  agremnent  with 
published  x>cctra  for  X^H  exciplex  emission  excited  using  a  syndirotron  beam  source.^  The  data 
in  Figure  2  are  representative  of  the  photoproduction  of  H  atoms  as  a  function  of  laser  pulses.  The 
H  atcmi  concentration  is  probed  using  the  xenon  hydride  emission  in  figure  1  detected  at  250  ±  .03 
nm.  H  atom  production  at  10  K  is  seen  to  rise  rapidly  to  a  steady  state  over  900  laser  photolysis 
pulses.  After  900  laser  pulses  the  in^'i^al  HBr  concentration  has  been  deleted  to  approximate^  10% 
of  its  initial  value.  The  amplitude  of  the  H  atom  photoproduction  plateau  is  observed  to  vary 
linearly  widi  laser  fluence.  A  production  curve  of  die  same  sh^ie  is  recorded  for  matrices  deposited 
at  28  and  10  K. 

For  matrices  deposited  at  either  28  or  10  K  and  held  at  10  K  no  diange  in  Xe2H  exciplex 
enussion  intensity  is  observed  over  the  course  of  5  days!  At  40  K,  die  odier  extreme  in  temperature 
shidied,  the  diermally  induced  loss  rate  of  H  atoms  is  on  the  time  scale  of  minutes.  The  majority 
of  H  atom  population  in  matrices  deposited  at  28  K  decitys  in  the  first  30  minutes  vdiile  die 
renuunder  decays  more  slowly  dianging  only  15  %  over  die  course  of  3  hours.  Eighty  percent  of 
die  H  atom  population  for  matrices  deposited  at  10  K  is  lost  over  the  first  20  minutes  and  die 
remaining  20  %  remains  unchanged  over  die  next  4  hours.  Figure  3  contains  data  for  die  diermal 
loss  of  H  atoms  at  40  K  for  matrices  deposited  at  10  K  and  at  28  K.  In  Figure  3  die  linearity  of 
the  plots  of  1/I(t)  versus  time  demonstrates  that  the  40  K  loss  curves  follow  bimolecular  kinetics. 
Intnestingly  the  rate  constant  for  bimolecular  loss  of  H  atoms  at  40  K  is  x>proximately  5  times 
larger  for  the  matrix  deposited  at  10  K  versus  the  matrix  deposited  at  28  K. 

Figure  4  displays  photoproduction  curves  for  O  atoms  diat  are  analogous  to  those  for  H 
atoms  nd  have  been  discussed  in  detail  in  odier  publications  Curves  are  shown  for  diree 
different  concentration  N2O  doped  xenon  matrices. 
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Dbcussioo 

The  likefy  elementary  kinetic  processes  occuring  in  this  syston  subsequent  to  ^lotolysis  of 
HBr  ate  indicated  below.  Attempts  were  made  to  fit  the  H  atom  photoproduction  curve  shown  in 
Rgure  2 numerically  imepating  the  followii^  minimal  set  of  kinetic  equation. 


HBr  - > 

H  +  Br 

(1) 

^2 

H  -1-  HBr  - 

— >  H2+  Br 

(2) 

kj 

H  -I-  H  ^ 

->  Hj 

(3) 

k4 

H  +  Br  * 

->  HBr 

(4) 

While  die  rising  portion  of  the  curve  could  be  fit  using  equations  1-4,  we  were  unsuccessful  at 
fitdi^  the  entire  experimental  curves  unless  we  introduce  a  small  population  of  HBr  whidi 
undawmt  photolysis  but  where  die  H  and  Br  atoms  that  were  geno^tted  did  not  undergo  subsequent 
reactions  widi  other  species  in  the  matrix.  This  population  could  rqiresent  HBr  molecules  isolated 
in  crystalline  regions  of  die  matrix.  The  mistence  of  such  a  population  was  suggested  by  die  shape 
of  die  H  atom  photoproduction  curves  at  low  HBr  concentrations.  Inclusion  of  the  equation 

HBr'  H'  +  Br'  (5) 

leads  to  a  kinetic  curve  generated  from  a  numerical  integration  of  equations  1-5  that  can  be 
superimposed  on  the  data  in  Figure  2.  Comparisons  of  the  data  obtained  under  a  varieQr  of 
conditimis  and  die  numerical  solutions  to  these  equations  reveal  other  veiy  interesting  feamres  of 
this  system.  We  experimentally  observe  diat  the  loss  of  HBr,  which  we  probe  via  infirared 
spectroscopy  and  the  appearance  of  Br  atoms,  whidi  we  probe  via  Xe2Br  exciplex  emission  bmh 
^ibit  bimolecular  kinetics.  This  implies  a  v^  efficient  mobilization  of  H  atoms  and  a  very 
efiictent  consumption  of  H  atoms  by  reaction  2.  Using  these  experimental  signals  as  iiqnits  we  can 
successfully  generate  curves  from  nununical  integration  of  the  above  equations  that  adequately 
reproduce  diese  experimental  signals  for  H  atoms,  Br  atoms  and  HBr. 

The  difference  in  the  rate  constants  for  thermal  loss  of  H  atoms  as  a  function  of  matrix 
deposition  tenqierature  inqilies  that  H  atom  mobility  can  be  effected  by  matrix  morphology  whidi 
cai.  ae  altered  by  deposition  temperature.  Though  annealing  subsequent  to  dqmsition  also  can  effed 
die  rate  constant  for  thermal  diffusion  and  loss  of  H  atoms,  deposition  temperature  has  a  more 
profound  effect  on  this  process.  The  kinetic  equations  for  the  thermal  loss  of  H  atoms  are  expected 
to  be  the  same  as  those  listed  above  for  photoinduced  loss.  Future  experiments  are  planned  to 
determine  if  the  relative  magnitudes  of  the  rate  constants  are  the  same  for  diermal  and  photoinduced 
loss  processes.  An  interpretation  of  diese  results  in  terms  of  diffusion  coefficients  and  a  comparison 
to  measured  diffusion  coefficients  for  H  atoms  and  O  atoms  under  different  conditions  is  presented 
in  reference  S. 

The  signals  in  Figure  4  represent  the  dependence  of  the  O  atom  concentration  on  laser  pulses 
(photon  dose)  for  three  different  concentration  matrices.  The  observed  dependence  is  representative 
of  a  competition  between  a  first  order  production  process,  photolysis  of  N2O,  and  a  second  order 
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defdetion  process,  O  simn  reconciliation  to  O2.  The  kinetic  model  developed  in  reference 
3  includes  these  {wocess  and  can  be  used  to  replicate  both  the  qualitative  tad  qumrintive  shapes 
of  the  "production”  curves  for  the  two  lowest  concentrations  shown  in  Figure  4.  The  feet  feat  the 
modd  does  not  reproduce  fee  curve  fin-  the  hi^iest  concentration  feown  indicates  that,  imder  these 
drcumstance,  there  is  an  additional  loss  process  that  is  not  accounted  for  in  the  model.  We  are  in 
fee  process  of  tiying  to  discern  the  nature  of  this  process.  We  currently  feel  feat  it  is  likely  due 
to  fee  increased  concentration  of  dimer  and  hightf  order  muldmers  in  the  highest  concentration 
curve.  We  have  also  been  able  to  determine  feat  it  should  be  possible  to  exceed  the  approximately 
20  nfe4  concentration  of  stored  O  atoms  feat  we  have  already  achieved  for  fee  1:101  NjQ  doped 
xenon  matrix  shown  in  this  figure. 
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F^ures 

Figure  1.  Xenon  hydride  exciplex  emission  spectrum  recorded  at  10  K.  Excitation  source  was  the 
193  nm  fundamental  of  an  excimer  laser  operating  on  ArF.  Spectral  resolution  is  ±  0.25  nm. 

Figure  2.  H  atom  photoproduction  as  a  function  of  laser  pulses  recorded  at  10  K.  H  atom 
production  was  detected  using  Xe2H  emission  at  250  ±  0.03  nm.  Three  laser  pulses  were  averaged 
for  eadi  data  point  The  laser  fluence  was  7.0  mj/cm^  pulse  at  193  nm. 

Figure  3.  Bimolecular  kinetic  plot  of  the  reciprocal  Xe2H  emission  intensity  versus  time.  The 
Xe2H  emission  intensity  was  recorded  at  250  ±  0.03  run  using  a  laser  fluence  of  1  mj/cm^  pulse 
at  193  nm. 

F^re  4.  Emission  from  XeO  exciplexes  following  ArF  photolysis  of  N2O  doped  xenon  matrices 
of  the  iiKiicated  composition.  All  photolysis  was  perform^  at  15  K. 
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ABSTRACT 

Results  of  cqwiiinenis  on  A1  and  Li  atomic  beams  produced  by  laser  ablation  iisiiig  XeQ 
excbnerlaserpulsesG"  10'^  to  10*  W/cm^  are  presented.  IQnedcenefsy(ICE)distittMitions  of  nascent 
A1  kns  were  nreasuied  using  an  Electrostatic  Eneisy  Analyeer-Time  of  Flii^  Mass  Spectrometer  (ESA- 
TQFMS)  system.  Knetic  energy  distiibutions  for  neutral  wrecks  were  tneasuredu^eifliertianaeot 
absorpckmorpliotoionizatiao-TQFmassqwctrosoopy.  The  results  obuuned  for  tfiese  various 
measurements  are  discussed. 


INTRODUCTION 

Reoem  successful  efforts  at  isolating  ligitt  metal  atoms  in  cryogenic  solid  hydrogen  have  utilized 
a  combination  of  pulsed  laser  aUation  of  the  metal,  and  tradilianal  matrix  isolation  qrectroscopy 
tectmiques  [1.2].  These  experiments  suggest  tiutt  die  inddemKE  of  the  metal  atoms  plays  a  1^  role  in 
detenrrining  the  atonric  isolation  efficiency  of  tire  matrix  dqrosition  process,  and  in  the  fonnation  of 
ttovd  metal  atom  trapping  siiestiucutfes.  Ihtfoitunately.  little  work  has  been  done  to  measure  die  KE 
distributions  of  laser  ablated  species  prior  to  matrix  isolation.  Thus,  the  immediate  goals  of  diis  research 
effortare:  (1)  to  daracterize  die  chemical  ideraiiy  and  KEdistributions  of  laser  ablated  species  under 
our  pacific  experimental  contfitians.  and  (2)  to  examine  die  possibilily  of  modifyirtg  the  nascem  metal 
atom  KE  distributions  througb  a  modification  oftfae  traditional  laser  aMation  process. 


EXPERIMENTAL 


Hg.  1  depicts  the  oqierimental  setup,  configured  for  transiem  absorption  measurements.  The 
metal  aUation  targets  are  mounted  on  a  rotataUe  rod  within  a  vacuum  chamber  pumped  dtrecdy  by  a 
small  turbomolecular  pump  to  ~  10^  Tort.  The  aUated  plumes  are  formed  by  focuring  a  XeQ  excimer 
laser  beam  on  die  targets  at  an  incident  angle  of4S*’ from  die  surface  normal.  The  incideitt  laser  pulse 
energies  were  varied  between  2  and  14  mJ;  die  pulses  were  focused  onto  a -0.7  mm^area,  resulting  in 
incident  intensities  (1)  of  10^-10*  W/cm^. 

To  examine  the  (fiiecdonality  of  the  idume  expansion,  glass  microscope  slides  were  placed  1  cm 
from  the  target  in  order  to  ctrilect  the  products  of  aldation.  The  dndaiess  of  the  A1  films  dqiosited  in  tins 
manner  were  assumed  to  be  proportiotial  to  their  optical  density  (O.D.)  measured  as  a  function  of  angle 
from  die  aUation  target  surfsce  normal. 

Emissions  from  die  metal  (dumes  wne  coilected  widi  a  quartz  lens,  filtered  to  remove  laser 
scatter,  and  recorded  with  an  intensified,  gated,  optical  multichai^  arulyzer  (OMA)  mounted  on  a  275 
mm  f.L  prdyduomator.  The  detection  system  was  both  wavelength  and  intensity  calilwated  using 
standard  techniques.  The  observation  regian,  a -200  pm  wide  transverse  Slioe  of  die  fdumes.  was 
defined  by  a  100  pm  wide  aperture  adjar^  to  die  vacuum  diamber  and  die  25  pm  wide  entrance  slit  of 
diepolychromator.  The  entire  marie/!'  ../polychiomatm'assemldy  was  mounted  on  a  precision  translate*:' 
whidi  was  contndled  manually  by  a  micrometer  positioner.  Emission  ^lectra  were  recorded  at  various 
distances,  Z,  from  die  target  widi  a  10  psec  dmeom  gate. 


Transient  absorption  spectra  were  obtained  as  shown  in  Hg.  1.  Short,  polyduomatic  pulses  were 
produced  by  using  a  second  exdmer  laser  (ArF)  to  pump  a  dielectric  breakdown  cdl  filled  widi  - 1000 
Torr  of  Xe  gas.  or  a  Xe:Ne  mixture.  A  50  mm  f  J.  quartz  lens  focused  tins  emission  through  the  metal 
atom  plumes  and  onto  the  pcdychromatm’ entrance  sliL  A  digital  delay  generator  was  used  to  coordinate 
the  arrivd  of  the  aUation  and  breakdown  laser  pulses,  and  die  start  of  the  20  nsec  wide  OMA  detector 
gate.  As  no  metal  atom  emissions  were  detected  with  this  experimental  configuration,  traaismission 
qiectra  were  enimiatitfi  as  die  ratio  between  the  OMA  signals  obtained  with  both  ablation  and  breakdown 
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u^ttnpreiemMUit0btaiedpbmie. 

laier|iiiliefpieientCS).«idtluKabt«iiiedwitfabmdc(kMmpiiliesoidy(So)-  Both  S  and  Soi^knab  woe 
aveiafed  over  100  polaea.  At  with  endisioaqwctra.  die  oanrientdMOfpiianqKCtia  woe  obtained  at 
variona  distnces  ftan  die  ablaikn  target  ntfice. 

nnedc  energy  diatittmdanB  of  naaoent  iona  were  meaauied  uaing  an  Elecoastadc  Energy 
Analyzer<TiineafFli|^Maaa^)ectraineter(ESA*TOFMS)ayatBni(aeeHg.  1).  Iona  tnvdingdOQg  die 
target  amgMenonnal  were  iraroduced  in  die  ESA-TOFMS  at  variouapaaaenergiea.  Hie  energy  of  die 
kna  traveling  inaide  the  ESA  waabeld  at  10  eV.  HievoltageaaiiiiliedtodieTOFtiibeanddie 
mfcrodiannd  plate  detector  dqiended  on  the  gain  neceaaary  to  lecoid  die  aignal  Under  onrcontBiiona 
the  resQliitian  of  die  ESA  waa  0.272  eVFWHM.  2iiim(fiaaaeterafieitiiicaweieuaedt08deapanidea 
travding  normal  to  die  target  aorfaoe.  TbemaaareaoliitianoftheTCVMS  waa  m/16.  Integrated  peaka 
ooneqxnding  to  m/BK27  and  13.5  were  uaed  to  generate  KE  diatribittiana  for  A1(1I)  and  AKin)  iona. 

A  tranaverae  magnetic  field  waa  introduced  in  the  ablation  cdl  in  order  to  deflect  the  kna.  Ita 
atrengdi  waa  typicaDy  2100  O,  applied  on  a  1/2  inch  length  in  die  path  of  the  ablated  qiedea  at  2J  cm 
fiomdietatget  Al(Il)wereitarDducedindnESA-TCffMSIoBowingphotoioiiiyjtionof  Al(I)at  193 
nm.  The  experimental  act  up  waa  aiinilar  to  that  uaed  in  die  trmaietabbiotptkneiqietinient.  The  193 
ranlaaerpulRwaafocaaed  duoudi  a  quartz  window  on  the  A1(D  beam  iJ  cm  ali^  of  the  ESA,  21  cm 
fitom  die  target,  reaolting  in '-lO'W/cm^laaerinaenaiQf.  The  intenaity  of  the  integrated  peak  at  m  fe«27 
waa  recorded  as  a  fimctkn  die  aUadan  laser-photoknizaikn  laser  delay  for  a  range  of  paaa  energiea. 
The  time  int^radons  these  qwctra  were  used  to  geneiam  die  KE  distiibutians  of  A1(I). 

RESULTS 

The  metallic  A1  deposit  optical  density  data  was  fitted  to  O.D.  B  k  coa^O  •  6^.  idieie  0  is  die 
angle  widi  die  surface  normal,  and  6o  is  the  tilt  of  the  axis  of  the  plume.  The  fit  yielded  n- 9.  and  the  tilt 
angle  Og  «  S*.  indicative  a  highly  diiectianal.  near  normal  plume  whidi  justifies  die  simple,  one- 
diinenskXMlarMlyais  of  die  TXy  measurements  on  Al(iyAlTO|dumes.  No  sudi  measurements  were 
attempted  for  Li  ^umes  (vide  iefra). 

The  A1  atomic  and  kmic  emissian  qiectra  were  used  to  ctiaracieiize  die  properties  of  the  plaauu 
formed  adjacent  to  die  aUated  aluminum  sotface.  The  use  of  a  long  detection  gate  (10  paec)  yielded 
hilly  time  integrated  qiectra,  as  all  emisaons  were  finiahed  on  diis  time  scale.  Ionic  emission  peaks 
doBoinated  near  the  target  surfoce.  but  became  barely  noticeable  for  distances  Z>  0.3  cm.  Integrated 
enaission  intensities  were  extracted  for  a  number  of  transitions.  Electron  temperatures  (Tg)  were 
extracted  by  assuming  local  diennodynamic  equilibrium  (LT^  [3,4].  Typically,  for  0.06  <Z<0JI  cm, 
dm  idasmas  were  dense  enough  for  LTE  to  hold,  and  Tg  was  of  order  20000  Kf"  2  eV).  Electron 
densities  (Ng)  were  also  derived  from  emission  spectra  by  measuring  the  Stark  broadening  of  ionic  lines 
[3].  For 0.06 < Z < 0.13 cm, Ng deoeased itpidly hom 7 x  lO**^ to< 6 x  10** cm*’, conelating strongly 
with  die  disqipearance  (tf  the  Bremsstrahlung  continuum,  and  die  decrease  in  Al(ni)  eroissions. 

Typied  transient  idisoiptioo  spectra  of  A1  {dumes  dis{dayed  the  atomic  doublet  at  3943  and 
396.2nm.  For  Al,  no  attonpt  to  observe  eidierexdted  or  knic  state  absorptions  were  made.  Howevw, 
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FIf.  2:  TOP  apectnan  cf  gromd  state  Al  aumu,  recorded  by  monitoring  the  484-3p  absorption  dotibkt 
for  abkttion  intensities  -l(P  WtenP. 


fbr  li.  ttie  3d4-^  atMoquian  was  obaeived  at  Z  »  2.0  cm  for  delay  dows  in  the  0.6- 1 .6  |isec  nmfe. 

Rom  ttiis  obaervatfon,  die  relative  populadon  die  Li  2p  stale  was  cAinutted  to  be  - 10  %  of  that  <tf  the 
gtomid  state.  Ibe  time  evolutian  of  the  dssoiption  intend  following  the  abladon  laser  pulses  gives  die 
TC^distiibutiaa  of  die  ground  state  atoms.  I^AKI)>TCX^distiibutians  were  measured  at  2*0.5  and 
lX)cm;dieiiwditaare(fii|dayedinRg.2.  Raw  TOP  data  were  corrected  for  the  vdodtydqrendem 
detection  probability.  ThetiansfoimatianoftheTC^distributiansintovelodty  andKEtSstiibidioas 
was  done  using  the  proper  Jacobian  expressions  [5].  A1(I)  velocity  distifoutions  are  presented  in  Hg.  3. 

Ijner  ablation  nansient  idKOiption  memuiements  of  Li(I)  yielded  TCXP  distributions  with  a  shaip, 
intense  peak  occurring  for  shon  delays,  followed  by  a  persistent  "taO”  at  long  delays  (>  10  msec).  This 
bdiavior  was  seen  for  the  entile  range  of  laser  intensities  used  in  diese  experiments.  Wesuqieathat 
these  long  delay  tails  are  aitifocts  of  our  experimental  geometry:  dieiriumeaqMuisionsforlinuybe 
less  directional  dun  for  AL  soli  atoeos  may  etuerthe  observation  region  at  lar^  angles  firom  tiie  surfree 
notmaL  Also,  slow  U(I)  may  be  introduced  iruo  die  observreion  region  by  evaporation  horn  pm  and  sub 


pm  sixe  Li  partides  produced  by  die  aMation  process  [6].  Because  ofthese  difficulties,  only  the  short 
arrival  time  portions  (rf  die  TCX^s  were  converted  in  KEdistribotions.  They  are  presented  in  Rgs.  4. 

Hg.  5  shows  dw  nascem  KE  distributions  for  A1(II)  and  A1(III)  for  an  ablation  laser  intensity  of 
9.5xl0^/!cm^.  Hg.  6  displays  die  nascent  A1(II)  KE  distributions  fora  range  of  laser  intensities. 
IQi^/cm^  appeared  to  be  the  tfareshtdd  intensity  for  idasma  formation.  The  widths  and  maxima  of  these 
distribotions  increases  widi  die  laser  intensity.  This  behavior  is  similar  to  that  of  the  neutrals.  Hg.7 
riiows  a  typical  phocoionization  TOP  spectrum  for  KE>3eV.  The  sharp  feature  corresponds  to  A1(I) 


formed  within  100  ns  of  the  ablation  pulse.  This  feature  becomes  more  prominem  as  KE  increases.  At 
low  KE,  only  a  broad  band  is  observ^  Thedelay  between  a  193  nm  pulse  centered  on  this  broad  feature 
and  die  actual  detection  of  the  signrJ  corresponds  to  die  TOP  for  m/e=27  particles.  The  signal  detected 
for  bodi  broad  and  sharp  features  were  saturated  fwArP  laser  pulse  energy  in  the  40-140  naJ  range  Jig.  8 
diqdays  how  the  A1(I)  KE  distribution  varies  with  L  HnaUy  Hg.  9  shows  KE  distributions  for  nascem 
A1(I)  at  1  cm  from  die  target,  phoioionized  A1(I),  and  A1(I1)  at  22.5  cm  fiom  the  target,  for  I  *10*W/cm^. 


These  distributions  were  integrated  in  the  2-50  eV  range  and  subsequently  normalized. 


Fig.  3:  Velocity  distribution  for  ground  state  Al  atoms. 
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Jng,  4:  Kinetic  energy  distrUmtUms  for  gmaid  State  U  atoms  obu^Hed  from  measuremeittsmatk  for  Z* 
lJOcm,atlaserintenstiiesindie  2 Jxl(f  to  9.4x16^  WIcnf  range. 
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Fig.  S:  Kinetic  energy  distrUmdonsfor  nascent  abaninum  ions  22  J  cm  from  the  target,  1-10^  WIcnf. 


i 

I 


Fig.  6:  Kinetic  energy  distrilmtionsfm'  nascent  M(ll)  223  cm  from  the  target,  at  various  iaser 
intensities. 

DISCUSSION 

llie  emission  date  shows  that  near  the  taiget  siirface  the  plasma  fonned  duriqg  ildation  is  veiy 
hot  Most  of  die  vapmized  aluminum  is  in  ionized  fonn.  In  dds  region,  the  ions  are  aocderated  to  h^ 
velocities.  presumaUy  by  some  "Coulomb  Exfdosion"  type  mechanism  [S].  Fm  distances  fimn  die  taiget 
between  0.06  and  0.15  cm.  the  decay  oftheAl(IIl)  emission  is  acconqianied  by  a  durp  decrease  in 
Action  ooncentiadon.  and  a  rise  in  die  A1(I)  emission,  suggesting  that  election-ion  recombination  may 
be  producing  excited  neutrals.  Yet  some  of  the  ions  survive  and  are  detected  22J  cm  away  from  die 
taiget  At  hij^  enough  aUadon  intensity,  a  bump  in  the  KE  distribution  of  Al(n)  can  be  seen  at  ~  40-50 
eV.  This  region  also  corresponds  to  the  peak  of  die  Al(in)KEdistribotion.  suggesting  that  electron- 
AlCm)  recombination  contributes  to  the  fKHmation  of  Al(n).  Sudi  effects  have  been  reported  [7].  One 
would  dien  expect  diat  the  KE  distributions  of  A1(I)  and  A1(II)  would  be  huily  similar,  if  in  hict  most  (rf 
the  AlO)  population  origiiuaes  from  A1(II).  This  h^ds  true  w4ien  comparing  KE  distributions  of  nascent 
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Fig  7:  Photoionizasion  TOP  jpectnan  forAi(I),  at  21  cm  from  the  target,  KE^ll  eV,  worded  for 

m/e  *  27,  l»8.6>U(FW/aH^,ArF  pulse  energy  -140  mJ.  The  sharp  feature  corresponds  loAI(l)  leaving 
the  target  within  100  nsec  efrer  die  arrival  of  the  (dtladon  pulse.  Its  FWHM  results  from  die  instrument 
broadenitig. 


8:  Kinetic  energy  distributions  for  Al(I)  photoionized  21  cm  from  the  target,  at  various  ablation 
laser  intensities,  ArF  pulse  energy  -140  mJ. 


Fig.  9:  Kinetic  energy  distributions  for  ablated  aluminum  species  at  I-I(f  Wlcni^. 


A1(II)  measured  at  22.5  cm  and  of  A1(I)  measured  at  1  cm.  The  differences  between  tnnsient  absoipiian 
measurements  at  0.5  and  1.0  cm  fiom  the  tai:^  are  attributed  to  a  finite  pioduction  time  for  die  A1  ttoms 
following  the  anival  of  the  ablation  laser  pulse.  Sim|de  stochastic  computer  simulations  of  our 
eiqieriment  suggest  a  ~  100  nsec  wide  "window"  for  the  establishment  of  an  initial  velocity  distribudon, 
followed  tqr  an  essentially  free  expansion  thereafter.  The  A1(I)  distribution  measured  by  tnnsient 


absoiption  is  rinfted  slightly  toward  lower  eneigies  and  does  not  extend  to  eneigies  above  80  eV.  It  is 
similartothosepreviouslyiqiorted  for  similar  laser  intensities  [8-10].  Hie  photoionized  A1(I) 
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difOlbidian  deafly  peaks  at  1  eV.vdieiephotoiafiizatiooTOFqiectn  are  very  broad.  Atenefgiesatxyve 
10  eV,  there  is  no  striking  dUferenoe  in  KE  distiibutioo  sfa^ie  between  the  tiansiem  abaoiption  data  and 
the  phoiQianizatian  data.  At  high  eneigy,  the  photoionization  TOT  ^yectia  present  a  strong  sharp  feanire. 
oocuning  at  a  delay  ooncqxiKfing  to  A1(I)  leaving  die  tafget  widun  100  nsec  of  the  ahlreian  pulw 
arrival  lUs  feature  is  the  innjor  contributor  to  the  tune  integrated  KE  distribution  for  KE>10eV.  Wedo 


not  ddnk  that  the  differences  between  transient  absoipticn  and  photoionization  measurements  is  due  to 
the  presence  of  a  magnetic  field  in  die  latter  case.  Ihe  qnlial  extent  of  die  field  was  measured  caiefuUy. 
h  was  confined  to  the  near  vicinity  of  the  magnets,  at  least  2.5  cm  fiom  the  target  surfece.  where  the  A1 


density  was  low.  Aid)  widiKE<2eV  do  not  ori^natefiom  die  same  process  as  die  fester  ones.  Theyare 


not  observed  in  transient  absnptian  experiments,  and  there  are  no  Al(ll)  detected  at  sudi  energies.  One 
possibility  is  diat  A1  dusters/jpartides  crossing  the  ArF  laser  path  during  firing  dissodate  and  ionize, 
fixming  A1(II)  widi  KE  suitable  to  ertter  die  ESA-TCX^MS. 


CONCLUSION 

Ihe  laser  aUation  of  A1  has  been  characterized,  using  emission  and  transient  absorption 
spectroscopies,  as  well  as  energy  selected  TOT  mass  ^lectroscopy.  Laser  ablation  produces  tnosdy  A1(I) 
i^Al(ll).  Electron-ion  recombination  seems  to  be  die  primary  medianism  for  the  formation  of  fast 
A1(I).  A1(I)  and  A1(1I)  fluxes  and  mean  KE  increase  with  abladon  laser  intensity.  Typically,  die  lowest 
KE  observed  is  -l-2eV  for  both  A1(I)  (transient  absmption)  and  A1(I1).  Al(l)  arid  A1(II)  leave  the  target 
within  -  1(K)  nsec  of  the  abfedan  pulse  arrival  implying  that  there  is  a  good  one-to-one  mapping  oi  die 
initial  vdoddes  to  distances  travded  from  the  target  after  a  delay  of  ■>  1  psec.  A  static  2100  Gtransverre 
magnetic  field  can  be  used  to  deflect  the  ions  away  from  the  target  surface  normal  without  affecting  the 
Al(l)  fotmadon  process,  provided  it  is  placed  at  least  2.5  cm  from  the  target  surface.  The  effea  of  die 
magnetic  field  on  the  Al^  production  will  be  foidier  investigated.  For  aUation  laser  intensities  - 
10*W/cm^  we  have  coflected  partides  with  diameter  as  large  as  18pm,  such  partides  might  be 


responsiMe  for  the  presence  a  large  amoimt  of  1  eV  Alffl)  following  193  nm  photoionization  of  Al(l). 
21.5  cm  from  the  target  Photoionization  experimoits  will  be  repeated  with  much  lower  ArF  intensities. 
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LNiOi 


Dae  to  thdr  interest  as  possibie  new  HEDM  q)ecies^  and  the  fudnatiiig  leoent 
experiments,^  the  stroctores^eneigetics  and  dissociation  banrers  of  ttie  species  listed  in 
Hgnrel  are  investigated  at  seveial  oh  mifio  levds  of  electronic  stnicture  theory. 
Geometrical  parameters  of  foor  N2O2  isomers— calculated  at  the  SCF,  MP2,  and 
MCSCF(10,10)  levels  of  theory  with  the  6-31G(d)  basis  set— are  di^layed  in  Rgure 
1.  The  calculated  [MP4(SDTQy6-31  lG(dy/MP2/6-31G(d).  Gl,  G2,  MCSCF  and 
MRCI  with  6-31  l4G(2d)  basis  sets]  relative  energies— with  reference  to  2NO— of 
N2O2  isomers  are  listed  in  Table  L  G2  relative  energies  are  41.7. 47.3, 63.8.  and 


693  kcal/mol  for  1-4,  reflectively.  Tire  conef>onding  Gl  energetics  are  gmioally 


within  23  kcal  moH  of  G2  values.  MP4(SDTQy6-3UG(d)  relative  miergies  are  about 
6-12  kcal/mol  hi^ier  that  those  predkned  by  Gl  and  G2.  Excq>t  for  the  bond  stretch 
bicyclodiazoxane  (2),  MRQ/6-31l4G(2dV/MCSCF/6-31G(d)  relative  energies  of  all 


otirer  isomers  ate  within  6  kcal/mol  of  tire  G2  values.  The  large  disagreenrent  (15.8 
kcalAnol  for  structure  2)  in  relative  enogies  between  G2  and  MRCI  due  (latgdy)  to  tire 
poor  desct4>tion  of  tefetmice  configurations  by  single  determinant  based  metiiods, 
since  tirere  is  significant  configurational  mixing  in  structure  2. 


Structure  1-4  discussed  above  are  high  in  energy  (relative  to  2NO)  and 
tirermodynamicaUy  stable  (minima)  an  tire  singlet  potential  energy  surface.  The  treat 
stq)  involves  smdy  of  their  kinetic  stability  for  spin-allow  (singlet)  and  spin-forbidden 
channels)  starting  with  a-NiQz.  On  the  singlet  surface  symmetric  isomerization 


transition  state  (5)  leading  to  a-N2C)2  (3)  in  both  directimis  is  located  at  only  13 
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kcal/mol  above  the  minimiim  a-h^tOi  So  stnii^uie  3  is  non-rigid  and  can  excfaan^Ae 
oxygea  that  links  directly  widi  die  nitxogcn  end  ereily .  Tbe  qnn-fo(fauUen  decay 
diannd  a-N202  A)  -4  N2O  (X  + O  (^P)  is  exoeigic.  The  miniminn  eneigy 
crossing  point  for  pre  dissociation  is  (wly  2. 1  kcal/mol  above  the  minimum  a-NzQz-^ 

The  next  stnicture  under  consideradon  is  the  bicyclodiazoxane  (4)  and  its  b(»id 
stietdi  iscnner  (2).  These  two  structures  are  connected  by  a  bond  stretch  tranridmi  state 
cakulated  to  be  40.2  kcal/mol  at  the  MRCI/6-31  l4G(2dy/MCSCF(1040V6-31G(d) 
leveL^  The  bond  stretch  transition  state  (6)  connecting  2  and  4  has  a  long  N-N  brad 
distance.  At  the  MCSCF(10,10)  level  of  theory,  the  N-N  distance  of  this  transitira 
state  structure  lengdiras  to  1.893A,  0.498A  longer  than  the  N-N  distance  in 
bicyclodiazoxane  and  raly  0.077A  shraer  than  the  N-N  bond  in  the  long  brad  (2) 
bicyclodiazoxane:  however,  the  132.2*  O-N-N-0  dihedral  angle  of  the  transitira  state 
ranains  closer  to  that  of  (107.0*)  bicyclodiazoxane  (5).  Work  on  other  dissociation 
channels  is  in  progress. 

n  N2O3 

Preliminary  calculations— using  RHF/6-31G(d)  for  structure  determination  and 
MP2/6-31G(d)//RHF/6-31G(d)  to  predict  relative  energies — reveal  several,  potentially, 
HEDM  species  (see  Figure  2  and  Table  II).  We  begin  our  investigation  of 
decomposition  padiways  on  tbe  singlet  surface,  starting  with  13*diaza-2,4,S- 
trioxabicyclo[l.l.l]pentane  (1) — the  highest  in  energy  among  the  isomers  in  Figure  2. 
At  die  MP2/6-31G(d)//RHF/6-31G(d)  level,  the  barrier  for  breaking  one  N-O  bond  is 
predicted  to  be  only  7.4  kcal/moL  This  barrier  is  reduced  to  5.1  kcal/mol  at  die  GVB- 


PP(6V6-31G(dy/GVB-PP(6y6-31G((l)  level  Wock  (m  deoomirasition  berriers  of 
other  higher  uocneis  C2  and  4)  osiiig  GVB  as  well  as  CASFT2  to  treat  dynamic 
electron  correlatiaiis  in  dieae  species  is  in  progress. 
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Table  L  Enthal]^  d  fonnatton,  G1  andGl  relative  ener^  of  NjOj 
iaomeis  with  refeioioe  to  2NO. 


6-31l4G(2dV/6-31G(d)  6-311G(dy/6-31G(d) 
Systems  MCSCF  MRQ  MP4(SDTQ)  G1  G2 


1 

44.4 

36.6 

51.2 

39.5 

41.7 

2 

71.7 

63.1 

52.4 

46.1 

47.3 

3 

71.2 

64.3 

71.9 

62.1 

63.8 

4 

79.0 

6S.6 

77.2 

69.0 

71.4 

5 

73.2 

64.4 

80.1 

68.0 

69.3 

Table  IL  6-31G(d)  Rdative  Eneigies  (kcal/mol) 
of  N203  Isomers. 


Systems 

SCF 

MP2 

1 

0.0 

0.0 

2 

-23.2 

-21.2 

3 

-69.9 

-62.7 

4 

-26.8 

-27.8 

5 

-41.5 

-392 

6 

-141.6 

-127.7 

7 

-138.0 

-125.2 

8 

-130.1 

-129.6 

349d 


104.0 


(3)  Cs 


(1395)  QCOJ^XO)  =  56.9  (57.6)  [57.0] 
[1395] 


(4)  C2, 


N, 


.  04^-469) 

(1.8WK„ 

- N2 


(V 


0(N.O^  =  (8O.2) 
Q(0J^J^,0)*  (132.2) 


(6)TS  Ca, 


Hgiue  1.  R^,  MCSCF(10,10)  (in  parentheses),  and  MP2  (in  brackets)  structures,  calculated  with 
6-31G(d)  basis  set 
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1419 

(1496) 


Nf-lfA5)-  Na 


a(N^.O)-511(S2jO) 

a(N,aN)-7S.7(76^) 


1J71 

(1447) 

1J86 

l(l^) 


O4  O5 


OK^U)- 60.7  (993) 
0«243)-».7(«7J) 
a(13.4M034(1023) 
0a(1343)--SS4(60.1) 


(1)  I>3h 


(2)  C, 


(1.4M) 

1389 


1359 

(1.410) 


1.199 

(1330) 

(3)  Cs 


a(0.0.0)>  102.1  (993) 
OKOjOM^ym  15.7(21.7) 
1(13^2.159(2355) 


(4)  C2. 


(1043) 


(5)  C2, 


(6)  C2v 


(1.178)  M 
1.144 


(1480) 


(1143)  O5 

'  (1.179) 
1.147 


(106.7) 
-'4  1063 


(1.448) 

1376 


Ch 
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Hgure  2.  RHF/6-31G  (d)  and  6  pair  GVB-P(6)/6-31G(d)  (values  in  parentheses)  structures  of  NaOa. 
Bond  lengths  are  in  angstroms,  angles  are  in  degrees. 
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A  Theoretical  Study  of  High  Energy 
B-NPrismane 


NOdta  Matmiaci  and  Mark  S.  Gordon 
Dapartmcntof  Chemtetry 
hnfa  State  Unhrenity 
AmcfylA  50011 


Introduction 


Our  preliminaty  calculations  have  shown  diat  the  B-N  anak)g  of  prismane  is  a 
high  energy  minimuin  on  the  pntmrial  energy  surfaces  (PES).  The  relative  enagy  of  the 
B-P  prismane  with  respect  to  bnazine,  including  zero-point  energy  conecrion,  is  185.0 
kcal/oaol  at  the  restricted  Hartree-Fbck  (RHF)  levd  of  theory  using  ^ecdve  core 
potential  and  basis  sets  of  Stevens  et  al  (SBK(d))[l].  The  relationship  between  the  B-N 


prismane  and  bocazine  can  be  thought  of  as  an  intramolecular  isomerization  reaction. 


such  that  the  bond  between  Bi  and  Ni  breaks  and  fcdlowed  by  breaking  two  other  bonds. 


Le.  B2-B2  and  N2-N2  (Scheme  1)  to  obtain  borazine. 


T 


Nj' 

I 


Nj 

I 


1  “ 


Scheme  1 


In  this  abstract,  apart  of  the  PES  of  the  B-N  prismane  and  related  molecules  are 
explored  in  an  attenqx  to  achieve  the  isomerization  reaction  above.  Also,  the  total 
electron  density  analysis  was  performed  in  order  to  shed  light  into  the  stabilities  and  the 


nature  of  bonding  in  the  B-N  primane. 
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All  calculations  described  here  were  pofmned  with  die  GAMESS  ab  initio 
quantuni  cheniistry  program  package[gan]ess].  These  extensive  calculations  were 
facilitated  die  recent  inylementation  of  a  parallel  versimi  of  the  code  fw  use  <»  a 

CMS  and  an  iPSC/860.  The  getmietrtes  were  (^itimized  with  the  restrkted  Hartree-Fock 
(RliF)  levle  of  dieory  using  the  Steven-Krauss-Jasien  (SBKJ)  effective  core  potentials 
(ECP)  and  basissets[l]  f<v  all  heavy  atoms  and  the  -31G  basis[2]  for  hydrom.  All  heavy 
atmns  are  augumeneted  with  d-polarizaiton  functi(nis[3].  The  correlation  energy  is 
included  by  means  of  second-order  Mdller-Plesset  perturbation  themy  (or  MBPT)[7]  for 
each  stationary  point  found  on  the  FES. 

Recation  path  was  followed  for  each  transition  state  located  with  the 
RHF/SBKJ(d)  level  of  theory  by  using  Gonzalez-Schlegel  method[4]  in  order  to  connect 
a  transition  state  to  corresponding  two  minima- 

Bonding  was  analyzed  by  using  localized  molecular  orbitals  (LMO),  constructed 
with  the  method  of  Mezey  and  Pipek[5].  The  AIMPAC  system  of  piograins[6]  was  also 
used  to  elucidate  the  nature  of  bonding.  A  bond  critical  point  exists  between  two  atoms  if 
there  is  a  saddle  point  in  the  electron  density  betweoi  two  atoms.  At  such  a  point  the 
hessian  of  the  electron  density  has  one  positive  eigenvalue  along  the  axis  orthogonal  to 
the  bond  axis.  The  existence  of  a  bond  critical  point  in^ilies  the  existence  of  a  bond  path 
(path  of  maximum  electron  density  passing  through  the  borid  critical  point),  and  tlM  two 
atoms  are  said  to  be  bonded. 

Results 

Geometries  of  the  B-N  prismane  and  the  related  molecules  along  with  the  relative 
raeigies  of  each  molecule  with  respect  to  the  B-N  prismane  are  shown  in  Figure  1.  The 
normal  modes  correspoinding  to  the  imaginary  eigenvalue  of  the  energy  hessian  for  the 
transition  state  found  are  shown  in  Figure  2.  The  bond  lengths  of  B-N  bonds  in  prismane 


fonnusubstuttiaUylatSCTtim  that  of  the  benzine.  All  the  rectangular  fa^s  ctf  the  B-N 
prisnittie  poiaess  iq>  to  about  S*  deviations  from  the  ideal  angle  of  90*.  The  two 
tiiangolar  frttes  deviates  less  dum  4*  frcHn  the  ideal  angle,  60*.  found  in  a  prismane. 

The  bond  critical  points  found  for  the  bonds  B1-N2  and  N1-B2  (of  Scheme  1)  are 
tocaled  inside  die  ring.  Eqiedally.  die  bond  critical  points  of  theNi-B2  bond  can  be 
found  dose  to  die  ring  critical  point  associated  widi  the  ring  Ni-B2>B2.  It  means  that  the 
ring  has  ring  strain.  One  could  think  of  it  as  a  T-shi^ied"  bond,  diou^  the  total 
electron  doisity  contour  mi^  shows  two  distinct  bond  padis.  The  localized  orintals  do 
not  show  such  characteristics,  eidier.  On  die  other  hand,  prisnume  (carbtm  mly) 
possesses  the  bond  critical  points  associated  widi  the  triangular  face  are  located  outside 
the  ring. 

There  seems  to  be  some  correlatirm  between  die  bond  strength  of  a  given  bond 
type  and  the  value  of  electrcm  density  at  the  brad  critical  pdnt  The  gra{di  bdow  shows 
the  values  of  election  density  at  the  bond  critical  points  plotted  against  the  B-N  bond 
distances. 

Electron  Donelty  vs.  B<N  Bond  Distance 


The  bond  between  the  Ni-Bi  (bond  1)  possesses  the  highest  electron  density  among  B-N 
bonds,  and  the  smallest  value  is  assigned  to  the  bond  N2-B2  (brad  4).  Then  the  reaction 
is  likely  to  occur  (or  to  initiate)  by  breaking  the  bond  N2'B2  first  This  inqilies  that  the 


reactioci  shown  in  Scheme  1  is  ncM  likely  to  occur,  in  which  the  strongest  bond  must  be 
cleaved. 

Substituents,  chltno-,  methyl-  or  sila-  groups,  are  replaced  on  the  hydrogen 
attached  either  to  Ni  or  Bl.  The  relative  energy  of  the  substituted  B-N  prismanes  with 
respect  to  the  coireqxmding  borazines  are: 

substituents  relative  cacrgyflttal/mfll) 

H  185.0 

QonN  182.2 

QonB  187.8 

MeonN  181.5 

MeonB  184.5 

SiHaonN  179.0 

SiHsonB  183.4 

Substituents  on  Bi  increases  the  relative  eirergy.  The  substituted  calculations  on 
transition  states  and  other  related  molecules  are  in  progress  in  order  to  obtain  infcMmaions 
on  the  effect  of  substituents  on  the  barrier  height. 
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Figure  1.  RHF/SBKJ(d)  optimized  geometries  and  energetics  of  B>N  prismane  and 

related  molecules.  The  energies  are  in  Jccal/mol.  The  numbers  in  parenthesis  are 
of  MP2/SBKJ(d)//RHF/SBKJ(d). 
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Figure!.  Normal  Modes  of  Trandtion  States 
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Figures.  RUF/SBKJ(d)  Potential  Energy  Surface  of  B>N  Prismane 

The  values  are  in  kcal/mol.  The  values  in  parentheses  are  of  MP2 
relative  energies. 


Moat*  Carle  Siaalatiens  of  tha  Stmeturas  aad  Optical  Absecptica 
aad  laiaaioa  Cpactra  of  Ha/Ar  aad  B/dr  SelidB 

Jerry  A.  Boatr  and  Mario  Fajardo 

Phillip  Laboratory 
OLAC  PL/RXFB 
9  Antares  Road 
Idwarda  AFB,  CA  93524-7680 

AB8XRACX 

Claaaical  Monte  Carlo  aioMlations  of  tha  atrueturaa  and  optical 
abaorption  and  amiaaion  apeetra  of  Na/Ar  and  B/Ar  aolida  have  bean 
conducted  in  an  effort  to  identify  and  charactarixa  tha  trapping  altea  of 
light  aMtal  atcais  aabedded  in  rara-gaa  aiatrlcaa.  Tha  optical  abaorption 
and  aaiaaion  apactra  of  tha  Na/Ar  and  B/Ar  aolida  are  predicted  uaing  the 
firat-ordar  degenerate  perturbation  theory  awthod  of  Balling  and  Hright 
coupled  with  claaaical  Monte  Carlo  calculatlona.  The  axperleental 
abaorption  apeetra  of  aodiun  atooia  in  argon  (aa  obaerved  by  Tan  and 
Fajardo)  ahow  the  preaence  of  three  aeta  of  "triplet”  peaka,  which  are 
thought  to  ariae  from  the  ->  electronic  tranaition  of  aodiun  atona 
reaiding  in  atructurally  diatinct  altea  in  the  argon  matrix.  Good 
qualitatlye  agreement  with  the  experimental  triplet  aplittinga  and  centroid 
ahifta  in  aodium-doped  aolid  argon  in  obtained  uaing  our  model. 


I .  Zatrednetion 

The  behavior  of  light  atoma  trapped  in  rare-gaa  matricea  haa  long  been 
a  topic  of  intereat  in  the  atudy  of  condenaed  phaaea.  Theae  ayatema  aerve 
aa  claaaical  prototypea  to  propoaed  HEDN  ayatema  auch  aa  boron-doped  aolid 
hydrogen.  Of  particular  intereat  in  theae  ayatema  are  the  characteriatica 
of  the  optical  abaorption  and  emiaaion  apeetra  of  the  embedded  metal  atoma. 
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■inc*  tlMiM  apaetra  of far  Inalghta  to  tha  aatura  of  ttaa  aMtal  ata«  trapping 

aitaa. 

K  apoeifle  asaa^la  of  aueh  a  ayataai  ia  aodiuai'  dopod  aolid  argon,  for 
whioh  both  tha  aaparlaantal  optical  abaorption^'^  and  aadaaion  apaetra^  hava 
baan  obtalnad.  nia  optical  abaorption  apactrua,  aa  obaarvad  in  tha  laaar 
ablation  axpariaanta  of  Tan  and  rajardo,^  ahowa  tha  praaanea  of  thraa  aata 
of  "triplat*  paaka,  praaucMbly  ariaing  from  tha  ^8  ~>  (i.a.,  3a  ->  3p) 

alactronic  tranaition  of  aodiua  atcM  raaiding  in  atructurally  diatinct 
aitaa  in  tha  argon  aatrix.  Tha  triplat  faatura  ia  thought  to  ariaa  froa  a 
braaking  of  tha  daganaracy  of  tha  axcitad-atata  p  orbitala  of  tha  OMtal 
atom  via  aithar  a  dynaadc  Jahn-Tallar  affact  and/or  anhancad  apin-orbit 
coupling  in  aolid-atata  anvironawnta,  or  atatic  aayaoMtry  of  tha  trapping 
aita.  Tha  aadLaaion  apactra  of  aodiua-dopad  argon  aatricaa  haa  alao  baan 
aaaaurad^  for  axcitation  anargiaa  corraaponding  to  tvo  of  tha  thraa 
obaarvad  abaorption  triplata, 

Anothar  axanqpla  of  a  condanoad  phaaa  HXDM  prototypa  ia  boron  atoaia 
aoAioddad  in  aolid  argon.  Thara  ia  conaidarably  laaa  known  about  thia 
ayataa  than  for  aodium-dopad  aolid  argon.  Howavar,  optical  abaorption 
axparinanta  on  thia  ayataa  have  boon  parfomod^  and  thia  poatar  praaanta 
praliainary  raaulta  of  aiaulationa  of  tha  abaorption  and  aaiaaion  apactra 
of  boron  atcaa  in  aolid  argon. 

Hhila  condonaod  phaaa  ayataaa  containing  other  typaa  of  light  atoaa 
ara  alao  of  intaraat  to  tha  HBOM  progran,  tha  nature  of  tha  ground  and  low- 
lying  axcitod  alactronic  atatoa  of  aodiua  and  boron  atoow  aakaa  them 
particularly  aaonabla  to  our  aethoda  of  aiaulating  thair  condanaad-phaaa 
optical  abaorption  and  aaiaaion  apactra.  Tha  purpoae  of  tha  praaent  atudy 
ia  to  identify  and  charactarisa  the  Mtal-atoa  trapping  aitaa  being 
accaaaad  axpariaantally  in  tha  laaar-ablation  dapoaition  of  aodiua  and 
boron  atoaa  in  aolid  argon  and  to  elucidate  the  nature  of  tha  "aatrix 
af facta"  raaponaibla  for  tha  obaarvad  apactra. 
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XZ.  Tfcaorwticil  Matilda 

h  eruelal  eqaponant  of  our  Monto  Carlo  aiiHilationa  ia  tho 
incorporation  of  tho  Balling  and  Wright^  (Baw)  aodal  into  our  calculations. 
This  aodnlf  idiich  asausMs  additivity  of  individual  natal  atoai/rara  gas  atoai 
intoraotions,  usos  first-ordar  dogonnrata  parturtoation  thnory  to  predict 
thn  shifting  and  splitting  of  the  thrss  dsgsnsrata  ccaipononts  of  the  ^  Ba 
in  the  prsssncs  of  nultipls  rars-gas  psrturbsrs.  Evaluation  of  the 
perturbation  antrix  elanents  requires  only  the  A  and  B  Ma-Ar  excited 
atate  potentials.^  The  BAN  nodal  not  only  enablea  the  siaailation  of 
absorption  apectra  arising  fren  ns  ->  np  electronic  transitions,  but  a 
straightforward  generalisation  of  the  nethod^  also  peradts  three  additional 
types  of  spectral  ainulationa;  nanely,  sinulations  of  np  ->  ns  absorptions 
and  ns  <■>  np  and  np  ->  ns  oniasiona.  In  particular,  the  absorption  and 
oad.saion  spectra  of  boron  atens  in  solid  argon  can  also  be  sisnilated  within 
this  fraoMMork. 

Trapping  site  structures:  Classical  Metropolis^  Monte  Carlo 
sinulations  are  used  to  predict  the  structures  of  solid  Ha/Ar  and  B/Ar. 
Solid  argon  is  oiodelled  by  inposing  periodic  boundary  conditions  in  three 
dioMnsions  on  a  cubic  "chunk*  of  an  argon  lattice  containing  108  atoms.  An 
interstitial  trapping  site  is  simulated  by  placing  a  sodium  or  boron  atom 
in  an  octahedral  hole  in  the  Ar^gg  lattice.  Various  "n-atom” 
substitutional  trapping  sites  are  modelled  by  replacing  n  adjacent  argon 
atosks  (where  n  «  1,  2,  3,  4,  5,  6,  or  13)  with  a  single  sodium  or  boron 
atom.  Both  the  interstitial  and  substitutional  trapping  sites  are  then 
allowed  to  relax,  subject  to  the  constraint  of  constant  volume,  at  the 
specified  teaqperature.  Total  energies  are  computed  within  the  pairwise 
additive  approximation,  using  Ar-Ar,*  Ha-Ar,^  and  B-Ar*  diatoad.c 
potentials. 

Spectral  simulations :  The  owthod  of  BAN  was  originally  used  to  predict 
the  absorption  energies,  arising  from  the  3s  ->  3p  electronic  transition, 
of  a  sodium  atom  surrounded  by  a  static  configuration  of  argon  atoms. 
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altliou^  tlMiir  — thod  as  originally  darivad  can  ba  uaad  to  pradict  tha  aa 
->  np  tranaitioa  aaargy  of  any  gxound-atata  atoa  in  tha  praaanca  of  an 
arbitrary  nuahar  and  eonfiguration  of  rara  gas  atoas.  In  tha  prasant  %iork, 
this  asthod  is  eoiivlad  with  olassieal  Monts  Carlo  siaalations  to 
inoorporata  tha  sffaet  of  tha  tharaal  sotions  of  tha  atoas  into  tha 
pradietioa  of  tha  absorptimi  anargiaa.  Purtharaora,  wa  haws  axtandsd  tha 
MM  asthod  to  siaulata  tha  aaission  apmetrm  of  solid  Ma/Ar  as  wall  as  tha 
absorption  and  aaission  spactra  of  solid  B/Ar.  Nith  thasa  axtansions  to 
tha  BAM  aodal,  it  is  possibla  to  siaulata  tha  absorption  or  aaission 
Bpactrua  of  any  atoa  sabaddad  in  a  rara-gas  aatrix,  providad  that  tha 
spsetral  aiaulations  of  intaraat  inwolva  alactronic  transitions  of  tha  typa 
[eora]na  ->  {eorajnp,  or  (eora]np  ->  (eora]ns. 

XXX «  Basttlts  and  Oiseussim 

Figuras  1  and  2  show  tha  siaulatad  absorption  and  aaission  spactra, 
raspaetiwaly,  for  solid  MaArn#  tdiara  n-95,  102-108.  Likawisa,  Figuras  3 
and  4  show  tha  absorption  and  aaission  spactra  for  solid  BAr^.  Tha  aost 
spacious  trapping  anvironasnt  (no95)  corrasponds  to  a  13-atoa 
substitutional  sits  and  tha  tightast  sita  (n>108)  is  initially 
intarstitial.  All  sisMlations  wars  parfozaad  at  a  tao^ratura  of  10  K. 

Ma/Ar  Absorptions!  Tha  siaulatad  optical  absorption  spactra  of  atomic 
sodiua  in  solid  argon  ara  shown  in  Figura  1.  Tha  spactra  corrasponding  to 
a"9S,  102,  104,  and  107  ara  sypaMtric  and,  with  tha  axcaption  of  tha 
spacious  13-ataa  substitutional  sita  (n«9S),  all  ara  triplats.  Tha  radial 
distribution  functions  (BDFs)  for  thasa  4  trapping  sitas  (not  shorn)  all 
indicata  a  high  dagraa  of  oyaaatry  (a.g.,  T^  or  0|,)),  as  an  avaraga  ovar 
tha  saa^lad  configurations.  Oonvarsaly,  tha  four  ranaining  spactra,  which 
ara  all  asyaatric  doublats  or  triplats,  hava  BDFs  indicat iva  of  trapping 
sita  symmatrias  lass  than  T^.  Tha  sysawtric  triplet  spactra  ara  in  good 
qualitatiwa  agrasaant  with  tha  axpariawntally  obsarvad  absorption 
spactra. Tha  aost  significant  discrepancy  batwaan  tha  obsarvad  and 
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•iaulatad  apsetra  ia  that  tha  axtant  of  tha  blua  ahlft  of  tha  abaorptlon 
oaatroid  in  tha  lattar  la  approsiaataly  half  of  tha  axpariaMntally  obaarvad 
-▼iolat"  trlplat.^ 

Ma/hr  laiaalona;  rigura  2  ahowa  tha  aiaulatad  NaAr„  aaiaalon  apactra. 
JULl  ara  alaglata,  in  eontraat  to  tha  axpariaantally  ^aarvad  doublat 
pattarn.^  All  of  tha  aiaulatad  apactra  ara  rad-ahiftad  (in  agraawant  with 
aicpariawnt)  and#  with  tha  axeaption  of  tha  5-  and  6-mtom  aubatitutional 
trapping  aitaa  (n«103  and  102,  raapactivaly) ,  tha  axtant  of  rad  ahifting 
ineraaaaa  with  tha  tightnaaa  of  tha  trapping  anvironaant.  Sinea  tha 
aodiuBh-argon  intaraetion  anargiaa  ara  coo^tad  "on  tha  fly”  using  tha  BAN 
SMthod  rathar  than  caleulatad  aa  a  pairwisa  sum  ovar  tha  X  Na**Ar 
diatomic  potantial  curva,  analysia  of  thia  anomaloua  bahavior  in  tha 
aagnltuda  of  tha  rad  shift  ia  difficult. 

B/Ar  Absorptions »  Tha  aiaulatad  BAr^  absorption  apactra  ara  shown  in 
Figura  3.  For  all  sight  trapping  aitaa  eonsidarad  in  this  work,  tha 
pradictad  apactra  ara  singlats  and  blua^shiftad.  Bxpariaantally,^  doublat 
absorptions  ara  obaarvad  and  tha  axtant  of  blua  shifting  (7000  cn*^)  is 
much  graatar  than  in  tha  simulations  (2500  cm*^).  With  tha  axcaption  of 
tha  intarstitial  slta  (n«108),  tha  aiagnltuda  of  tha  blue  shift  Incraasas  as 
tha  siss  of  tha  trapping  sita  daeraasas. 

B/Ar  Emissions t  Figura  4  shows  tha  pradictad  BAr„  amission  spactra. 
Thasa  spactra  ara  ganarally  quits  broad  and  show  sithar  singlat  or  doublat 
pattams.  (Nota  that  for  aach  spactrum  in  Figura  4  thars  ara  thraa 
asd-ssion  transitions  which  are  individually  shown  in  as  light,  dotted 
curvas.  Tha  actual  pradictad  spectrum  is  shown  as  a  dark,  heavy  curve  and 
is  tha  sum  of  tha  three  individual  curvas.)  However,  tha  predicted  spectrum 
for  tha  13-atom  substitutional  sita  (n-95)  shows  a  single,  narrow  peak. 
(There  apparently  has  bean  no  axperiswntal  maasuraoient  of  the  amission 
spectrum  of  atomic  boron  in  solid  argon. )  This  behavior  can  be  understood 
in  part  by  examination  of  tha  B-Ar  diatomic  potentials^  used  in  these 
simulations  (not  shown).  In  particular,  the  B  B-Ar  potential,  which  is 
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uaad  la  ealeulatiag  tha  borm-argoa  lataraetloa  aaargy,  has  t«fo  local 
■tntaa.  Tha  daapar  of  tha  ttio  atntiai  la  loeatad  at  a  B-JUr  a^aratloa  of 
2.5  A  aad  la  bouad  by  appcoalaataly  450  ea'^  calatlva  to  tha  B 
([eocalSa)  ■*  hr  aayac»tota.  Tha  aacond  twll  la  aueh  ahallowar  (15  oa'^)  aad 
haa  aa  K,  of  about  7  A.  niaaa  two  ainlaa  ara  aaparatad  by  a  barrlar  «dilch 
la  IBO  oa’^  abova  tha  ^  B  >  hr  aayivtota.  Xa  tha  B/hr  aalaalmi 
alaulatloaa,  tha  dlataaea  of  tha  flrat  aaaraat  aalghbor  argoa  mtamm  froa 
tha  boroa  atoa  dataralaas  If  tha  apaetrua  la  broad  or  aharp.  Xf  tha 
aaaraat  argoa  atoaa  ara  trappad  wlthla  tha  daap  wall  arouad  R,  ■  2.5  A, 
thaa  aadaaloa  traaaltloaa  will  aeeaaa  tha  rapulalva  wall  ragloaa  of  tha 
thraa  uadarlylag  potaatlal  aaargy  aurfacaa.  Thia  la  tura  lapllaa  that 
aaall  fluctutatloaa  la  tha  B-hr  latarauclaar  dlataaeaa  la  tha  axcltad  atata 
will  laad  to  larga  fluetuatloaa  la  tha  aadaaloa  anargiaa.  Howavar,  If  tha 
aaaraat  aalghbor  argoa  atoaM  ara  loeatad  within  tha  ahallow  tiall  cantarad 
at  R,"  7  A,  traaaltloaa  to  tha  uadarlylag  atataa  will  aeeaaa  a  ralatlvaly 
"flat*  portion  of  tha  uadarlylag  potaatlal  aurfacaa,  thua  laadlag  to  aharp 
aaJ.aalon  paaka.  Xadaad,  tha  RDPa  for  tha  B/hr  aadaalon  aiaulatlona  (not 
ahown)  Indleata  that  tha  aaaraat  aalghbor  boroa  atoa»  for  all  trapping 
altaa  aaeapt  tha  IJ-atoa  aubatitutloaal  alta  ara  la  tha  raglon  of  tha 
daapar  B  B-hr  wall. 

XT.  Ooaclualoaa 

Tha  aiaulatad  Ra/hr  abaorptlon  apactra  ahow  a  varlaty  of  pattama 
which  ara  priaarlly  a  function  of  tha  "avaraga"  aynaMtry  of  tha  aodlum  atoai 
trapping  alta.  Oanarally,  highly  ayaaatrlc  trapping  altaa  (auch  aa  T^  or 
0|,)  hava  aynnatrle  "triplat"  abaorptlona  whlla  lowar  ayoiMtry  trapping 
altaa  ara  charaetarlcad  by  aaaynatrlc  doublat  or  triplat  abaorptlon 
faaturaa.  Blnca  all  ajcparlawntally  obaarvad  Ma/hr  abaorptlona  attributad 
to  atcadc  aodlua  hava  a  triplat  pattam,  tha  praaant  alBHilationa  ara 
eonalatant  with  tha  notion  that  aodlum  atoaw  raaida  In  aymmatric  trapping 
altaa  In  tha  argon  lattlca. 
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Altbott^  tlM  •xpariMtttal  M«/Ar  Missioa  and  B/Ar  absorption  spsctra 
both  show  "dooblot”  fsaturss,  ths  eorrssponding  siwilatsd  spsctra . contain  a 
singls  psak.  Nhils  ths  rsason  for  ths  prsssncs  of  ths  doublst  pattsm  in 
ths  obssrrsd  spsctra  rsoatns  unknown#  it  is  possible  in  ths  cans  of  B/hr 
absorptions  that  ths  doublst  arisss  fro*  ^  ht  boron  atosi  transitions 
rathsr  than  ^  ^  sxeitatimis.^^ 

Ths  siaulatsd  B/Ar  scission  spsctra  predict  large  red  shifts  and  broad 
singlet  or  doublst  soission  patterns.  Only  for  relatively  spacious 
trapping  snvironawnts  (such  as  a  13-atoo  substitutional  sits)  are  sharp 
asdasion  peaks  predicted. 

Ksfsrsness 

1.  L.C.  Balling,  M.O.  Havsy,  and  J.P.  Dawson,  J.  Cftsa.  Phym.  69, 

1670  (1978). 

2.  8.  Tan  and  M.X.  rajardo,  J.  Chmm.  PAym.,  in  press. 

3.  See,  for  sxanpls, 

a)  W.R.M.  Graham,  N.  Wsltnsr,  Jr.,  J.  CAsm.  PAya.  65,  1516  (1976). 

b)  6.  Jsong  and  K.J.  Klabunds,  J.  Am.  Chsm.  Soc.  1986,  7103  (1986). 

c)  6.H.  Jsong,  R.  Boucher,  and  K.J.  Klabunds,  J.  Am.  CAmm.  Soe,  112, 

3332  (1990). 

4.  L.C.  Balling  and  J.J.  Wright,  J.  CAss.  PAym.  79,  2941  (1983). 

5.  R.P.  Saxon,  R.B.  Olson,  and  B.  Liu,  J.  CAsm.  PAym.  67, 

2692  (1977). 

6.  J.A.  Boats  and  M.X.  Fajardo,  manuscript  in  preparation. 

7.  N.  Hstropolis,  A.W.  Rossnbluth,  M.N.  Rosenbluth,  A.H.  Teller,  and 
B.  Teller,  J.  CAsm.  PAys.  21,  1087  (1953). 

8.  R.A.  Axis  and  M.M.  Slaman,  Mol.  PAym.  58,  679  (1986). 

9.  X.  Bwang,  T.-L.  Huang,  P.J.  Dagdigian,  and  M.H.  Alexander,  J.  CAmm. 

PAym.,  98,  1  (1993). 

10.  M.X.  Fajardo,  "Trapping  of  Light  Natal  Atoms  in  Hydrogen  Matrices",  these 
proceedings. 


357 


Figur*  2 

llaAr.  iKissioB  Spectra 
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High  Energy  Materials  that  Coulomb  Explode 

Nick  Gonzales,  Marie  Roberson,  Alexander  Boldyrev,  and  Jack  Simons 


Chemistry  Department 
University  of  Utah 
Sah  Lake  Qty.  Utah  84112 

Our  earlier  wotk^  on  muldprotonated  doubly  charged  cations  and 

work  of  others^  on  doubly  charged  anions  involving  MFm*^  stoichiometry  has 
lead  us  to  examine  compounds  that  use  these  ions  as  "building  blocks".  In 
particular,  we  consider  in  this  paper  the  following  species: 

(i)  "salts"  such  as  H4S‘^^  MgF4*^  than  might  be  formed  by  combining  a  pair^  of 
double  ions  of  opposite  charge  and  which  energy  considerations  cause  to  retain 
their  -*-2/>2  charge  separation,  and 

(ii)  "chains"  grown  by  covalently  linking  one  or  more  pairs  of  such  double  ions 
and  eliminating  one  or  more  HF  molecule^,  for  example,  as  in 

H4S+2  MgF4-2  H3S-MgF3  +  HF 


or 


H3S-MgF3  +  H3S-MgF3  -»  H3S-MgF2-H2S-MgF3  +  HF. 

In  each  of  the  doubly  charged  ions  (e.g.,  see  H4S'*’2  and  MgFa*^  shown  in 
Hgs  1  and  2),  there  exists  a  great  deal  of  pent  up  internal  Coulomb  energy  as 
illustrated  in  Fig.  3. 
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Figure  1.  Tetnliedral  Equilibrium  Geometiy  of  The  H4S2'*'  Dication. 


Figure  2.  Tetrahedral  Equilibrium  Geometry  of  The  Dianion. 
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Rs-h  a 


Figure  3.  The  SCF/6'31<f>fG**  ground-gtate  electronic  energy  (including  nuclear 
repulsion)  of  H4S2'*’  as  a  function  of  one  S-H  bond  length  R(SH)  with  the 
remaining  internal  coordinates  optimized  to  produce  minimum  energy. 

The  findings  of  our  initial  investigations  on  these  two  protoype  ions  are 
summarized  below  in  Tables  I  and  n.  Of  special  importance  are  the  (qualitatively 
accurate)  predictions  of  the  lowest  energy  optical  transitions  based  on  the 
highest  occupied  orbital  (HOMO)  to  lowest  unoccupied  orbital  (LUMO)  energy  gap, 
the  internal  atomic  charges,  and  the  fact  that  these  ions  ate  locally  stable  species. 
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Table  I.  Total  and  Relative  Eneiigies,  Ge<»netries,  and  Vibrational  Frequencies  for 
Species  Relating  to  Using  a  6-311<h<j**  Basis  Set 


Spocios 

Point 

Group 

Energy 

(Atomic  Units) 

Rotative 

Energy 

(kcat/ 

moi) 

Distances  (A) 

& 

Angies  (deg) 

Vto.  freq. 

(cm*^) 

ZPE(kcat/ 

moi) 

^(HOMO)' 

^LUMO) 

(kcat/ 

mot) 

Atomic 

Charges 

m 

1 

•399.120943 

0 

r.1.3784 

T2  1001 

E  1209 
Tg  2479 

A^  2484 

/21.9 

529 

S-  0.70 
H-0.33 
H-0.33 
H.0.33 
H.0.33 

{H38-H,)+2 

Cgv 

-399.023887 

56 

^SHa  -2.8376 
rg^  •1.3575 
HSH3-II8.2 
HSH-100.0 

A^  743/ 

E  389 

A^  1029 

E  1199 
A^  2638 

E  2647 
/17.4 

229 

S-  0.32 
H3-O.9I 
H.0.26 
H-0.26 
H-0.26 

H3S+ 

+ 

H+ 

1 

'399.158895 

•29 

r-1.3465 

HSH.95.9 

1075 

E  1233 
A)  2736 

E  2746 
/16.8 

405 

! 

S-  0.44 

H-0.19 

H-0.19 

H-0.19 

H+ 


Table  n.  Total  and  Relative  Energies.  Geometries,  and  Vibrational  Frequencies  for 
Species  Relating  to  MgF4'^  Using  a  6-311-h<}**  Basis  Set 


Spedna 

Pt. 

Qrp* 

Energy 

(Atomic  Units) 

Reiative 

Energy 

(Kcai) 

Distances  (A) 

& 

Angies  (deg) 

Vt>.  freq. 

(cm*”*) 

/2PE 

(Kcai) 

^(HOMO)* 

%UMO 

(kcai/ 

moil 

Atomic 

Onuges 

Td 

-598.612088 

0 

r-1.9483 

E  137 

T2  223 

A^  382 

T2  492 
/4.0 

■ 

Mg-1.11 
F— 0.78 
F— 0.78 
F— 0.78 
F— 0.78 

{FgMg-FJ-S 

Cgv 

-598.573046 

24 

^MgFa 

■1.8789 

FI40F3-IOI.5 

FMgF-116.0 

A^  89/ 

E  83 

E  192 

A^  240 

A^  454 

E  604 
/3.5 

195 

Mg-1.11 

Fg-0.98 

F— 0.72 
F— 0.72 
F— 0.72 

FgMg- 

+ 

F* 

1 

-498.976324 

-99.684425 

-31 

r-1;8252 

E'  182 
A2'  249 
Af'  468 

E'  655 
/3.4 

299 

Mg-1.01 
F— 0.67 
F— 0.87 
F— 0.87 

-99.684425 


The  cilcttlated  barriers  to  dissociation  and  the  energy  release  uf^n 
fragmentation  of  several  doubly  charged  ions  are  given  below  in  Table  III. 


Table  m.  Calculated  Dissociation  Energies  (AE)  and 
Dissodatimi  Barriers  (Et)  (kcal/mol)  for  Doubly  Charged  Ions 


It  is  important  to  note  that  the  dianions  are  not  only  gemnetrically  metasuble  but 
are  also  electronically  stable  with  respect  to  loss  of  a  single  electron  to  produce 
the  mono-charged  anion  as  shown  in  Table  IV. 


Table  IV  .  Vertical  Electron  Detachment  Energies  DE  (eV)  at  Koopmans'  Theorem 

and  Correlated  Levels  of  Theory 


Species 

FaBe^- 

FaMg2- 

F6Se^- 

FgTe^- 

FgSe^- 

ClgTe^- 

FvTe^- 

F7Se2- 

CbTe^- 


Our  initial  calculations  indicate  that  combining  dianions  with  dications  to  produce 
"salts'*  which  are  locally  metastable  but  which  could  fragment  and  release  large 
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•mounts  of  energy  may  be  worth  pursuing.  As  illustrated  below,  for  example. 
MgF4*2  uid  il4S'*‘2  can  ccnnbine  to  form  a  salt,  which,  upon  heating  to  overcome 
dissociatitm  barriers,  will  release  ca.  230  kcal/mol  of  energy  to  form 
F2MgSH2  2  HF.  It  is  our  intention  to  pursue  such  combinations  of  doubly 
charged  ions  further. 


Figure  4.  Thermochemistry  Information  for  (MgFa^'XHaS^***)  "salt"  (energies  in 
kcal/mol). 

We  also  intend  to  pursue,  using  semi-empirical  methods  we  ate  now 
reparameterizing  to  properly  describe  hypervalent  species  such  as  those 
discussed  here,  polymeric  chain  F3Mg-(SH2*MgF2)D-SH3  and  cross-  linked 
polymers  such  as  those  shown  below  with  an  eye  on  geometrical  stabilities  and 
energy  release  upon  decomposition. 
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1.  A.  I.  Boldyrev  and  J.  Simons,  J.  Chem.  Fhys.  2L  2826  (1992). 

2.  H.  O.  WcUECft.  L.  S.  Cedcfbaiim.  and  A.  I.  Boldyrev,  m^wblished  results:  H.  G. 
Wdken,  L.  S.  Cederbaum,  F.  Tanntelli,  and  A.  I.  Boldyrev,  Z.  Fhys.  D.  1&.  299  (1991). 

3.  These  species  are  viewed  as  prototypes  for  families  of  salts  in  which  (i)  the 
cation  involves  a  multiply  protonated  species  whose  central  atom  is  more 
electronegative  than  H  and  contains  more  than  one  lone  pair  of  electrons  (e.g,  S, 
O,  Se,  F,  Q,  etc.)  and  (ii)  the  anion's  central  atom  is  less  electronegative  than  the 
ligands  attached  to  it  and  contains  two  or  more  empty  orbitals  to  act  as  Lewis  acid 
sites  for  negatively  charged  ligands  (e.g..  Mg,  (^,  B,  Al,  Ga,  etc.).  Which  particular 
ion  pairs  are  of  most  interest  to  examine  will  depend  on  the  ionic  radii  of  the 
positive  and  negative  ions:  only  when  these  radii  are  proper  will  efficient 
packing  into  favorable  crystal  structures  be  possible. 

4.  The  sizes  of  the  positive  and  negative  M'Xn'^*  ion  moieties  are  also 

important  here:  if  M  and  M*  are  too  different  in  size,  the  M-M*  bond  will  be  weak, 
and  if  X  is  too  large,  steric  crowding  of  the  M-M*  bond  will  occur. 
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"Chemistry  and  Propulsion;  A  Strained 

Relationship." 

Mr.  Robert  Behdadnia,  Dr.  Dee  Lange  and  Dr.  E.  J.  Wucherer 
Rocket  Propulsion  Directorate, 

Phillips  Laboratoiy, 

Edwards  AFB,CA  93524 

The  HEDM  Synthesis  Working  Group  focuses  on  preparation  of 
new,  high  energy  compounds.  We  have  initiated  several  projects 
with  both  near-term  and  long-term  goals.  Our  current  efforts  focus 
on  the  synthesis  of  three-member  ring  compounds  as  high  energy 
additives  to  RPl/LOX  systems.  The  additives  are  projected  to 
increase  the  Isp  of  Atlas  systems  by  2  to  3  seconds.  Both  carbocyclic 
and  heterocyclic  systems  are  tmder  study. 

Construction  of  chains  of  spiro-connected  cyclopropane  rings  is 
accomplished  by  a  carbene  addidon  to  an  exo-methylene  compound 
and  subsequent  dehydrohalogenadon  of  the  resultant  methyl-chloro 
cyclopropane.  The  restiltant  methylenecyclopropane  can  again  be 
cyclopropanated.  We  are  currendy  interested  in  compounds  with 
two  cyclopropanes  tethered  onto  a  larger  hydrocarbon  ring. 

A  second  research  effort  is  centered  on  the  incorporadon  of 
aziiidines  and  hydrazines  into  hydrocarbon  molecules.  Nitrene 
addidon  to  olefuis  is  used  to  generate  azixidines  which  are  can  be 
further  cyclized  to  strained  aziridine-hydrazine  cage  molecules. 

The  long-term  goal  of  these  tasks  is  to  develop  synthetic 
pathways  to  polymeric  energetic  molecules  and  hetero  atom  cage 
structures. 

Catenated  Cvclopropvl  Compounds.  Methylchlororcarbene  is 
generated  from  1,1-dichloroethane  and  n-Buli  and  immediately 
reacted  with  an  olefin  such  as  methylenecyclopentane.  The  resultant 
chlorocyclopropylcyclopentane  is  dehydrohalogenated  to  "5-3-ene". 
This  product  is  being  tested  as  a  HEDM  additive  to  RPl.  The 
calculated  AHf  «  3 1.4kcal/mol  and  indicates  that  5-3-ene  would  boost 
Isp  by  1.7s  if  used  as  20%  additive  in  RPl.  5-3-ene  can  also  serve  as 


a  startiiig  material  for  further  cycles  of  chlorocyclopropanation  or 
terminated  with  CH3N2  or  similar  alkyl  carbene  equivalents. 


The  addition  of  a  nitrene  or 


diazenium  ion  to  an  olefin  is  used  to  generate  an  aziridine  ring.  Lead 
tetraacetate  oxidation  of  N-aminpphthalimide  is  used  to  generate  a 
nitrene  which  subsequendy  reacts  with  either  cyclohexa-l, 4-diene 
or  norbomadiene  to  form  an  aziridine.  Treatment  with  hydrazine 
generates  the  N-amino-aziridine  which  can  be  further  oxidized  and 
closed  to  bis-aziiidine  cage  compounds. 


Altemadvely,  Br2  can  be  used  to  oxidize  UDMH  in  acidic 
solution  to  1,1‘dimethyldiazenium  ion.  This  reacts  endo  with  an 
active  olefin  such  as  norbomadiene  to  form  an  aziridine.  In  this  case 
the  dimethyl  amine  cannot  be  easily  deprotected,  so  the  mono- 
azixidine  is  the  end  product 


The  nitrogen  containing  additives  give  a  larger  Isp  boost  (2.0  - 
2.6  s)  than  the  pure  hydrocarbon  additives.  This  is  a  consequence  of 
the  fact  that  most  RPl/LOX  ^tems  are  currently  run  fud  rich.  The 
indusion  of  non-combusting  nitrogen  in  the  fud  produces  essentially 
the  same  amoimt  of  gas  (N2  vs.  CO),  but  does  not  consume  as  much 
LOX,  resulting  in  a  more  nearly  optimized  combustion. 


Future  Work.  The  molecules  currently  under  study  will 
provide  us  with  information  on  the  synthesis  and  utility  of  strained 
ring  molecules  in  conventional  combustion  propulsion.  Ideally  we 
can  discover  or  devdop  an  additive  w^ch  would  boost  the  RPl/LOX 
system  by  at  least  2%  (6s)  Isp  and  increase  the  fud  density  by  5%. 
Ultimatdy,  some  of  our  results  or  observations  may  hdp  lead  to  the 
synthesis  of  truly  exotic  strained  ring  propellants  such  as  Ng. 
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Spiro-cyclopropa 
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Synthesis  of  Bis-Aziridines 
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a  2s  gain  over  RP1/LOX 
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Hoesch  et  al.  Helv.  Chim.  Acta  61, 1978,  p.  795 


Synthesis  with  Diazenium 
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N-Dimethylamino  Aziridine 
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a  2.6s  gain  over  RP1/LOX 


Pyrolysis  of  HEDM  Materials 
Angelo  J.  Alfano 

The  University  of  Dayton  Research  Institute 
Air  Force  Philii|»B  Laboratory 
Edwards  Air  Force  Base.  CA 


HEDM  (high  energy  density)  fuel  molecuies  encompass  a  wide  range  of 
varieties.  This  inciudes  the  potential  use  of  strained  rirtg  hycfrocarbons  as 
addittves  to  oonventionai  fuels  (RP1 ).  The  specific  impulse  increases  expected 
from  these  additives  would  result  in  larger  deliverable  payloads  with  significant 
economic  benefits.  Small  scale  testing  of  quadricydane  (CyHg)  is  already  in 
progress  and  initial  results  are  favorable. 

To  successfully  recover  the  stored  energy  from  a  thermodynamically 
attractive  HEDM  system,  an  understanding  of  the  available  decomposition 
pathways  Is  needed.  This  necessitates  instnjmentation  with  small  sample  size 
requirements  and  "universar  detection  strategies.  A  well-stirred  reactor  (Figure 
1 )  in  conjunction  with  gas  chromatography  and  mass  spectrometric  detection  is 
being  used  to  stucfy  pyrolysis/combustion  mechanisms  in  the  298-1200  K  range. 
Initially  the  pyrolysis  products  from  quadricyclane/He  in  the  gas  phase  from  80  to 
600  C  at  a  total  pressure  of  1  atmosphere  were  determined  with  gas 
chromatography/fiame  ionization  detection.  The  results  are  detailed  in  Figures  2- 
4  and  are  interpreted  with  the  mechanism  outlined  in  F^ure  5.  The  energies  in 
Figure  5  are  based  upon  the  standard  heats  of  formation  and  are  referenced  to  a 
value  of  80  Kcal/mole  for  gas  phase  quadricydane.  An  unexpectedly  low  value 
for  the  energy  of  activation  (1 0  kcal/mole)  for  the  conversion  of  quadricydane  to 
norbomadlene  between  1 50  and  250  C  was  obtained.  This  is  in  sharp  contrast  to 
the  40  kcal  /mole  activation  energies  typical  of  eight  carbon  strained  rings.  This 
is  being  investigated  further  along  with  the  branching  ratios  for  norbomadene 
decomposition  into  cycloheptatriene  and  cydopentadiene  -i-  acetylene.  To  clarify 
the  role  of  surface  effeds  on  the  mechanism  in  Figure  5,  an  infrared  laser 
sensitized  pyrolysis  apparatus  has  also  been  construded. 
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Trapped  Electrons  in  Solid  Hydrogen 


G.  W.  Collins,  F.  Magnolia,  E.  R.  MapoUs,  H.  E.  Lorenzana 
Lawrence  Livermore  National  Laboratory 
Livermore,  Ca  94550 

Hie  discovery  of  trapped  ions  in  tritiated  solid  hydrogen  was  made  by  P.  C 
Souers  et.  aL  duough  die  observation  of  stark  shifted  lines  in  the  collision  induced 
infrared  absorption  spectra  of  solid  hydrogen^.  One  line  was  found  100  cm~i  bdow 
die  Qi(l^)  line,  and  was  assigned  to  a  Stark  diifted  Qi(l/))  transition  for  molecules 
near  a  posidve  ion.  Another  line  was  found  ~25  cm*i  below  Qi(l,0)  and  was 
assigned  to  a  Stark  shifted  Qi(l/))  transition  for  molecules  near  a  negative  ion.  Thus 
die  posidve  ion  whidi  tends  to  contract  d^  neighboring  molecules  gives  rise  to  a 
larger  stark  shift  than  negative  ions  whidi  push  away  neighboring  molecules  due  to 
the  fermi  interaction.  There  have  also  been  weak  absorptions  foimd  between  these 
t%vo  stark  shifted  transitions  diat  have  been  assigned  to  next  nearest  neighbcns  of  die 
positive  ion^.  From  timing  experiments  Brooks  et.  al.  determined  that  there  were 
two  types  of  positive  charges  and  negative  diarges.  The  most  mobile  was  the 
negatively  charged  polaron,  then  a  D3*  "small  polaron  hole",  while  a  D9+  and  an 
dectron  bubble  were  determined  to  be  immobile  over  the  period  of  hours^.  After 
the  discovery  of  these  stark  shifted  lines,  two  broad  absorptions,  not  rdated  to  the 
collision  induced  hydrogen  spectra,  were  observed  in  tritiated  solid  hydrogen  and  in 
proton  irradiated  solid  hydrogen^'^'^'^.  In  analogy  witii  F-centers  in  Alkali  Halides 
and  ham  the  time  resolved  data,  it  was  postulated  that  these  two  absorptions  were 
due  to  transiticms  of  an  dectron  bubble.  From  a  simple  spherical  square  well  modd, 
the  dectron  bubble  radius  was  determined  to  be  5.38  A,  with  a  wdl  depth  of  3.81  eV, 
and  it  was  estimated  by  Poll  et.  al.  that  an  dectron  in  the  first  excited  state  would 
dilate  the  lattice  an  additional  15%.  The  IR  absorption  band  was  assigned  to  the  IS 
to  IP  transition  and  the  UV  absorption  was  assigned  to  the  IS  to  continuum 
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transition,  lliere  appeared  to  be  an  isob^  shift  in  bodi  the  IR  and  UV  transitions, 
and  die  UV  band  was  broader  in  H2  than  in  D2  bodi  doped  with  tritium,  implying  a 
Inroader  conduction  band  in  irradiated  H2.  This  result  is  similar  to  the  work  of 
Gedanken  et  al.>  1^10  studied  trapped  exdtaticms  in  solid  H2  and  P2. 

We  then  discovered  an  emission  at  800  nm’  in  solid  D-T  that  appeared  to 
have  die  same  temperature  dependence  as  the  hydrogen  atoms  in  D-T  as  measured 
by  dectron  q>in  resonance  (ESR).  This  emission  was  confirmed  by  a  group  at  die 
Univosity  of  Guelph  and  the  Riso  Laboratory^^  No  assignment  has  been  given  to 
diis  emission,  and  correlation  with  previous  absorption  features  seemed  dubious 
since  die  timing  data  for  this  emission  was  very  difierent  than  the  timing  data  for 
die  stark  shifted  collision  induced  lines  and  the  UV  line.  Finally,  unlike  the  UV 
and  IR  '^bubble"  absorptions,  tiiere  appears  to  be  no  isotope  shift  in  the  800  nm 
emission. 

We  report  here  a  relatively  large  increase  in  emission  of  the  integrated  800 
nm  line  when  pumping  the  UV  absorption  and  a  much  smaller  increase  (by  a  factor 
of  ->15)  upon  pumping  the  IR  absorption  band  in  solid  D-T  at  4.6  K.  These  data  show 
the  800  nm  emission  is  most  likdy  the  result  of  an  electron  bubble  transition.  We 
also  present  ESR  data  for  electrons  in  D2  and  H2  doped  with  2%  T2  and  pure  T2.  We 
find  there  are  two  components  to  this  absorption,  a  narrow  line  component  whidi 
we  attribute  to  trapped  dectrons  and  a  broad  line  compionent  which  we  attribute  to 
ddocalized  electrons.  The  narrow  ESR  linewidth  in  the  H2  and  D2  samples  are 
commensurate  with  the  idea  of  electrons  localized  in  vacancy  seeded  traps.  In  solid 
T2  the  broad  line  dominates,  implying  that  most  dectrons  are  ddocalized  due  to  the 
large  concentration  of  dectrons  and  other  impurities.  We  find  that  the  temperature 
and  time  dependence  of  the  dectron  concentration  from  the  800  nm  line  is  similar 
to  the  unpaired  atoms  as  measured  previously  with  ESR^^. 

Figure  1  shows  the  integrated  emission  intensity  from  740  to  860  nm  as  a 
function  of  the  wavdength  of  light  incident  onto  solid  D-T  at  6K.  Also  plotted  in 
Fig.  la  is  tile  UV  absorption  data  of  solid  D-T  at  5  K  of  Fearon  et.  al.^  and  in  Fig.  lb  is 


tihe  8  KT2lRatwoxption  data  of  Richardson  et.  al.^  The  relative  absorbance  strengdi 
of  die  UV  line  to  tiie  IR  line  in  solid  DT  is  not  known  and  the  absolute  frequency 
and  shape  of  die  IR  line  is  also  unknown.  The  shape  of  the  UV  enhancement 
follows  dosdy  the  published  UV  absorption  spectrum  for  solid  D-T  presumed  to  be 
due  to  the  IS  to  continuum  transition  of  the  electron  bubble.  The  enhancement 
with  IR  pumping  suggests  duit  the  respoitse  is  rdated  to  the  IR  absorption  band, 
presumed  to  be  due  to  the  IS  to  IP  transition  of  die  dectron  bubble,  but  due  to  the 
lack  of  data  in  the  region  around  the  emission  itsdf  (i.e.  from  0.8  ^m  to  12  pm),  die 
case  is  not  as  ccmvindng  as  diat  for  the  UV  response.  Fig.  la  and  lb  show  that  the 
800  nm  emission,  the  UV  absorption  and  the  IR  absorption  are  related.  Using  a 
simple  square  well  modd  with  the  previously  published  parameters  (radius  «  538A, 
depth  «  3.81eV)  it  can  be  shown  diat  there  are  4  bound  states,  die  IS,  IP,  ID,  and  2S 
states  3.0  eV,  22  eV,  12  eV,  and  .8  eV  bdow  die  conduction  band  edge  respectivdy. 
Obviously  any  excited  state  will  severely  increase  die  size  of  the  well,  but  this  simple 
example  shows  there  are  other  bound  states  to  the  proposed  bubble  and  one 
candidate  for  die  emission  is  due  to  die  2S  to  IP  decay  during  bubble  formation.  Fig. 
la  also  shows  an  additiond  feature  at  about  425  nm  not  observed  in  die  UV 
absorption  spectra.  This  is  dose  to  the  lp>>cont  transition.  Hnally,  we  note  that 
between  440  nm  and  die  onset  of  die  8(X)  nm  emission  there  are  no  additional 
features. 

The  absorption  shown  in  Hg  lb  is  that  for  solid  T2.^  Based  on  the  line  shifts 
for  H2  and  D2  doped  with  small  amoimts  of  T2,  it  is  estimated  that  the  IR  absorption 
of  DT  should  be  dose  to  that  of  T2.  It  should  be  noted  that  the  "steady  state"  time 
response  of  the  enhancement  is  also  somewhat  different  for  UV  vs  IR  enhanced 
emission.  Fot  both  UV  and  IR  pumping,  the  emission  increases  rapidly  on  a  time 
scale  of  20  ps,  however,  the  UV  enhanced  signal  overshoots  a  steady  state  value  by 
p^haps  5-10%  whereas  the  IR  enhanced  signal  overshoots  by  50  to  75  %  both  having 
a  settling  time  of  ~25  seconds.  We  curr«idy  do  not  understand  the  nature  of  the 
overshoot  but  it  is  probably  related  to  secondary  heating  of  the  sample.  In  figure  lb. 
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we  {dot  bodi  the  instantaneous  and  steady  state  enhanced  signal  fen*  IR  {mmping 
tddle  in  figure  la«  we  cmly  plot  the  final  steady  state  enhanced  signal  fenr  UV 
pumping. 

Hguie  2  shows  fiuit  the  temperature  dependence  of  the  800  nm  emission  in 
solid  D-T  is  very  similar  to  fiw  atom  density  in  solid  D-T  and  T2.  This  implies  fiut 
v^tever  process  limits  the  recombinatitm  of  atoms,  also  limits  the  recennbination 
of  centers  responsible  for  die  800  nm  line;  possibly  electron  bubbles.  It  has  been 
shown  fiuit  at  temperatures  above  half  die  triple  point  the  activation  energy 
calculated  from  die  hydrogen  atom  recombination  data  in  solid  amj  {)2i3, 
follows  die  vacancy  diffusion  modd  of  Ebner  and  Sung^^  devdoped  to  describe  die 
diffusion  of  molecules^^.  Recendy  in  sdid  para  H2/  die  difiusion  coefficient  of 
dectrons  in  solid  parahydrogen  has  been  measured  and  appears  to  follow  the  same 
temperature  de{)endaice  as  the  atoms  and  molecules^^.  Moreover,  the  diffusion  of 
the  dectrons  appears  to  follow  the  temperature  dependence  of  Ebner  and  Sung's 
modd  to  temperatures  well  bdow  half  of  the  triple  point,  where  NMR 
measurements  of  molecular  motion  are  difficult.  Therefore,  the  agreement  for  the 
temperature  dependence  of  the  atoms  and  the  800  nm  emission  agrees  widi  the 
inference  that  the  800  nm  line  is  due  to  trapped  dectrons  and  the  speculation  that 
atoms  and  dectrons  have  the  same  vacancy  difiusion  mechanism. 

The  ESR  spectrum  of  the  middle  line  of  the  D  atom  hyperfine  triplet  in  soUd 
D2‘i'2%T2  at  1.4  K  is  shown  in  Fig.  3  at  several  different  times  during  the  experiment 
This  lineshape  is  near  gs2  and  shows  a  doublet  structure  not  seen  in  the  odier 
hyperfine  lines.  The  left  absorption  of  this  double  peak  is  due  to  the  middle  D  atom 
and  the  ri^t  absorption  is  assigned  to  trapped  dectrons.  Firom  top  to  bottom,  Hg.  3a 
shows  the  dectron  and  middle  D  atom  lineshape  after  4  min,  30  min,  54min,  and  a 
tow  minutes  after  a  heat  spike.  The  lineshape  in  Fig.  3b  shows  the  same  spectrum 
after  500  minutes  at  1.4  K  when  no  heat  spikes  are  observed.  During  a  "heat  spike" 
when  the  atoms  recombine  en  masse  as  described  previously^^  the  decton 
concentration  also  decreases.  Moreover,  when  the  sample  is  sitting  in  liquid 
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hdhnn*  tiie  dfoctive  heat  cepedty  and  thermal  conductivity  of  die  sample  is 


increased  and  die  time  between  heat  spikes  is  increased.  When  no  heat  spikes 


oocure  during  die  timescale  of  hours  the  narrow  dectron  line  is  completely  lost 
under  die  middle  D  atom  line.  We  find  that  the  electron  linewidth  in  or  D;  is 


roughly  30%  smaller  than  die  linewidth  of  hydrogen  atoms  in  the  same  matrix. 
That  is  lor  P2^2%T2  sitting  at  1.4K  lor  1  hour  there  are  about  110  ppm  of  D  atoms. 


32%  J«1  concentration,  and  25  ppm  dectrcms,  the  linewidth  for  atoms  is  about  22  ± 
2  Gauss  and  the  linewidth  of  the  electron  is  about  l.Tt  3  Gauss.  H2^2%T2  sitting  at 
1.7  K  for  32  hours  has  about  15  %  )«1  concentration,  and  135  ppm  atom 
concentration  die  linewidth  for  the  H  atom  is  0.9-»-.2  Gauss  and  the  linewiddi  of  die 


dectrcm  is  slighdy  less,  but  our  signals  were  too  noisy  to  make  an  accurate 
measurement  The  J>1  concentration  was  calculated  horn  die  J^l  to  J^O  conversion 
time  constants  reported  previously  of  30  hours  in  D2  ■*■2%T2  and  22  hours  for 
H2*|‘2%T2  both  at  about  1.4  K  Prom  these  linewiddis  and  a  theoretical  modd  for  die 
linewidth  we  can  estimate  a  nearest  ndghbor  distance.  Two  models  are  typically 
used  for  analyzing  the  linewiddi.  Fbr  interacting  dipoles  with  no  wave  function 
overlap  we  use  the  formalism  described  by  Kittd  and  Abrahms^^,  while  when  diexe 
is  significant  overlap  of  the  dectron  wave  function  with  ndghboring  molecules  we 
use  die  formalism  developed  by  Kip,  Kittel,  Levy  and  POTtis^’  for  analyzing  F* 
centers.  Hydrogen  atoms  are  presumed  to  sit  at  vacancy  like  sites,  producing  a  lattice 
dilation  tor  the  first  shell  of  ndghbors  of  about  6%  in  as  calculated  by  Danilowitz 
and  fitters.  Fbr  D  atoms  in  P2  the  lattice  expansion  will  be  reduced  to  roughly  4% 
due  to  the  smaller  zero  point  motion.  From  die  fiSR  linewiddis  we  can  estimate  the 
dectron  in  P2,  located  at  a  vacancy  seeded  site,  has  a  lattice  dilation  of  8%  larger  dian 
die  atom,  or  about  12  %.  This  would  give  a  bubble  radius  of  about  0.4  run. 

Figures  4a  and  4b  show  the  fiSR  absorption's  corresponding  to  dectrons  and  the 
high  fidd  line  (tf  the  T  atoms  in  solid  T2  sitting  at  6.3  K  for  4  hours.  The 
concentration  of  dectrons  here  is  roughly  50  ppm  while  the  concentration  of  atoms 
is  about  120  ppm.  There  is  only  a  small  signature  of  the  narrow  ESR  "electron"  line 
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Men  in  if2  and  Pz/ because  of  Uie  large,  broad  abscurption  feature.  This  broad  feature 
at  g**!  is  much  broader  dum  die  oonresponding  T  atom  lineshape.  One  possible 
esqdanatkm  (mentioned  above)  for  diis  broad  line  is  that  most  of  die  deetzons  in 
aodd  Tz  are  delocsHjed  as  compered  to  the  loeslized  dectrons  seen  in  Ifz  end  Dz 
sanqiles  defied  widi  only  2%  Tz.  There  was  also  a  broad  underlying  absorption 
oonqponent  in  the  N^2%Tz  and  Pz^2%Tz  samples  but  die  dgnd  to  ndse  for  diis 
feature  was  very  low.  Them  data  show  dud  diere  are  at  least  two  different  types  of 
dectrons  in  solid  tridated  hydrogen,  those  localized  in  ^bbtes*  and  diose  duit  are 
possOdy  ddocalized. 

We  oondude  widi  the  following  somewhat  speculative  picture.  Solid 
Hydrogen  containing  tritium  contains  many  neutral  atoms,  positive  ions,  and 
dectrons.  The  concentration  of  dectrons  is  ty]»cally  about  an  order  of  magnitude 
lower  dian  die  concentration  of  atoms.  The  electrons,  after  being  slowed  wdl  bdow 
die  ionization  threshold,  form  dectron  buld>les  until  the  concentration  of  trapped 
dectrons  gets  to  severd  parts  per  million  molecules.  Afterwards,  many  of  the 
dectrons  cannot  form  a  bublde  defect  due  to  the  large  degree  of  radiation  damage, 
and  these  dectrons  remain  in  the  conduction  band  of  the  solid  until  inialation  with 
a  podtivdy  charged  impurity.  The  dectron  bubbles  have  many  bound  states  for  the 
dectrons  vdiich  give  rise  to  an  IR  absorption,  a  UV  d>sorption,  and  an  emissitni  at 
800  nm.  Hiudly,  these  dectron  bubbles  move  through  the  lattice  with  the  same 
vacancy  diffusion  medianism  as  die  atoms  and  molecules. 

*Work  performed  imder  the  auspices  of  die  U.S.  Department  of  Energy  by 
Lawrence  Livermore  National  Laboratory  under  Contract  W-7405-ENG-48. 
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RADIATIONLESS  DECAY  OF  ENERGETIC  MATERIALS 


David  R.  Yaikony 
Department  of  Chenustry 
Johm  Hopkins  Universi^ 
BaltiincHe,  MD  21218 


L  Radiationless  decay:  Rtievance 

The  following  figure  fllustrates  a  situation  in  ^di  a  potential  HEDM  can  decay 
ndiationlessly  in  an  electronically  nonadiabatic  manner. 


In  the  figure  (i)  adiabatic  decay  to  channel  A  is  in^robable  due  to  the  high  barrier,  and  (ii) 
adiabatic  decay  to  chamiel  B  ( an  excited  state  of  the  ABC  +  D  system)  is  energetically  precluded. 
However  nonadiabatic  decay  is  energetically  feasible  to  die  ground  state  of  channel  B.  The  decay 
pictured  above  is  a  spin-forbidden  however  the  ciqiability  to  treat  spin-allowed  processes  is  also 
required. 

II.Spin-forbidden  Radiationless  Decay  of  a-N202^ 

The  system  pictured  below,  denoted  a-N202  has  been  suggested  as  a  HEDM.^ 


Theomical  calculations  piediciBdiiusstnicoire- a  local  mipimum  on  the  gro 
enagy  sinface- to  be  unstaUe  by  102(62)  kcalMxd  relative  to  N2402(NC>fN0).  Decay  tothe 
channel  N2O  -i-  0(^D)  is  eneigetkally  precluded  wbereas  a  dtay  to  N2O  +  O^P)  is  energeticaUy 
allowed  but  qnn-foebidden.  Although  at  die  equilibrium  geometry  of  a-N2Q2  die  lowest  excited 
state  is  appioximaiely  24kcalAiiol  above  the  ground  U’ poira 
prdhninarycalculatioosrepanedatdie  1992  HEDM  meeting  suggested  that  decay  to  N2O -t- (X^P) 
(see  chanirel  Bin  the  figure  above)  is  possible.  During  die  current  performance  period  we 
extended  those  calculations  and  determined  the  rate  of  ^in-foibidden  predissociation.  ^  This 
investigation  is  summarized  below. 


•  St^  1:  Locate  minimum  energy  crosring  point  of  lowest  singlet  and  tr^let  surfaces  in  the 
vicini^  of  a-N202 


a-NiOi:  Energies,  and  structures  from  MR»CISD  wavefuncUtmss 


Structure 

MIN(lA’)(DZP) 

MIN(lAXrZP) 

MECPCDS’) 

MECPCIZP) 

R(Nl-N2) 

l.lllS 

1.0975 

1.1143 

1.1008 

R(N2-01) 

1.2415 

1.2324 

1.2292 

1.2190 

R(OMd2) 

1.5639 

1.5582 

1.6720 

1,6795 

179.26 

178.69 

180.52 

180.63 

ZN2o102 

102.29 

102.03 

102.09 

101.82 

^'A') 

-258.981267 

-259.070881 

-258.978869 

-259.067517 

E(3A") 

-258.943461 

-259.028137 

-258.978868 

-259.067518 

AE 

23.72 

26.82 

1.51 

2.11 

12.4 

12.0 

11.1 

10.9 

71.1 

73.3 

73.6 

76.7 

^Distances  in  A,  angles  in  degrees,  total  energies  in  atomic  units,  AE  s  E[3A"]-E[^A'MIN(^A')]  in 
kcal/mol  and  spin-orbit  couplinp  /f"  and  in  cm*^.  For  comparison  using  die  QCISD/DZP 

iqiproach  MIN(1a')  corresponds  to  R(N1-N2)=1.1331A,  R(N2-o1)=1J2617A,  R(0^  -O^)  * 
I.5475A,  .^n1n2o1=179.40®  ZN2olo2=103.3r  with  E(1A’)=-259.0754215,  and  AE=  23.0 


kcal/moL  At  tiw  equilibrium  structure  of  N20(XlZ'*')  R(N-N)>1-128A  and  R(N-0)=1.184A.  from 


Rrom  this  table  it  is  deduced  that  tbe  minimum  energy  crossing  point(MECP)  is 
eneigetkally  accessible  -  only  1-2  kcal/lmd  above,  and  geometrically  similar  to,  die  a-N2Q2 
minimum.  In  addition  an  qiproxunate  reaction  path  on  triplet  surface  leads  to  N2CMX^P).  Thus  it 
is  oradluded  that  a-N202  is  likely  to  decay  radiadonlessly  -  but  how  nqiidly. 

•Step  2:  Model  for  Predissociation 

To  address  this  question  a  sinqile  pseudo  diatomic  -  one  dimnisi(xial  -  model  was  used  in 
udiich  02  dissociates  from  a  frozoi  moiety  with  fixed.  The  relevant  one 

parameter  potential  oiergy  curves  obtained  using  the  MR-QSD/D2*  wavefunctimis  are  presented 
in  figure  below  as  are  die  cone^nding  spin-orbit  interactions  and  . 

The  qiin-orbit  interactions  are  defined  as  follows. 

'PlA<3A")  =  i'Pt3A-(0)] 

'P2A<3A")  =  i  {'P[3A"(1)]  -  4'[3A"(-1)]  }/V2 

^1A-(3A")  =  i  {^[3A"(1)]  +  ^[3A"(-1)]}/V2 


1.00  -0.50  0.00  0.50  1.00 


8(R) 
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// j"  and //jf^  are  seen  to  chaoge  little  between  MIN(^A')  and  MECP  with  adiieving 

a  maximum  in  dus  legkm.  In  computing  these  curves  5(R)  ■  R(0^-0^XR)  -  R(0^-C)^XMECP) 
with  the  remainder  of  the  geometrical  parameters  taken  from  the  MECP  structure.  Notethatthe 
potential  energy  curve  decreases  rqwfly  as  5(R)inaeasesthtou^MECP(5(R>iO).  Thisis 
coosisient  widi  die  small  value  of  AE(MECF)  retorted  in  die  table  above. 

•Stqp3:  Detentiination  of  a-N2Q2  lifetime 

The  lifetiiiie  of  diis  pseudo-diatoinic  was  determined  using  a  staiidad  Goklen  Rule  lifetiine 
fbnnulariorL^  The  effective  one-dimensional  system  in  the  above  figure  has  a  fundamental 
fiequency  of  ~S00ctirK  This  is  cmly  in  qualitative  accord  widi  the  706(652 )cm~l  obtained  at  the 
MR-QSD/DZP  {MP2}  level  for  the  normal  mode  of  a-N2C)2  identifiable  as  largely  0-0  stretch. 

To  account  ford;  lifetimes  were  conqiuieduring  both  the  ^A' potential  energy  curve  in  the  figure 
above  and  model  potential  energy  curves  widi  fundamental  frequencies  of  600-7(X)cmrl.  Ineach 
case  die  lifetinie  of  the  lowest  vibratioiud  levds  are  on  the  order  of  picoseconds. 
Raising  the  ^A"  potential  energy  curve  by  5kcal/tnol  increased  the  lifetime  of  the  lowest  vibradomd 
level  by  only  a  factor  of  10.  Thus  although  diis  ^pe  of  estimate  is  likely  to  be  a  lower  bound  to  the 
lifetime  it  is  clear  dutt  a-N202  will  be  rapidly  predissociated  to  N20(X^r'‘)  -t-  0(3p). 

m.  Stability  of  Additional  Isomers  of  NjOi 

Nguyen  et  al^  have  suggested  additional  isomers  of  N2Q2  as  potential  HEDM.  One  such 
species  is  the  P211  isomer  pictured  below. 

0 


0 

This  qiecies  is  isoelectronic  and  similar  in  structure  to  the  0^'*'  dication  ctmsidered  by  ONeil  and 
co-workers.^  The  possibility  of  spin-forbidden  decay  in  these  systems  was  conridoed.  The 
results  are  summarized  in  the  figures  below.  For  these  calculations  standard  double  zeta 
polarization  basis  sets,  and  state-averaged  MCSCF(S  A-MCSCF)Anultireference  C1(MRCI) 
wavefunctions  of  dimoision  357389  configurations  state  functions  (CSFs)  and  794449  CSFs  for 
1  A*  and  ^  A”  symmetry  were  used. 


N2O2  D2h  Isomer 


v: 


0 


0 


MECP:1  V  -  1  %” 

R(N-N)-3.84 

R(0-0)-3.70 

AE  (MEX)s  61kca]/nnK>l 
(AE  (veit^  ~75Jccal^x>l ) 


Numbers  in  ()  from  Nguyen  et  at 


0^ 


02+  MECP:liA’- 

R(01-02)=3.77 

R(03-04)-3.75 

Several  points  should  be  emphasized 
P2hN202: 


3.52 

(-3.55) 


0 


N^O^equilibrium 

(average  of  Nguyen  et  at  data) 

Frequencies 

2085(1755) 

1324(1129) 

1246(1096) 

1184(1022) 

1102(957) 

(MP2  of  Nguyen  et  al) 


0 


0^*^  equilibrium 
AE  «  1 08.3kcal/moi 
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The  bond  distances  and  to  a  lesser  extend  the  frequencies  of  P2h  N2O2  are  in  good  accoid 
widi  the  results  oi  Nguyen  et  aL  who  used  (vtttals  optnnized  indivuhially  each  state  siqipoxting 

the  rdiahOity  of  present  MR-QSD  (multirefrRnoe  Q  sin^edouble  excitatkm)  qjpioach.  The 
mmimum  energy  crossing  stnicture  is  dlkcal/nxd  above  ground  state.  Consequendy  the  low-lying 


vibnttional  leveb  of  Da  ^  expected  to  be  staUe  with  req)ect  to  ^in-fufaidden  radiationless 

decay. 

•  -  Pa  N2Q2  comparison 

Equilibrium  structures  of  0^  and  Da  N2Q2  are  quite  siinilar.  However  minimum  energy 
crossing  structures  are  less  so .  Hrom  the  large  dE  it  is  ctmcluded  duu  spin-forbidden 


radiationless  decay  is  not  likdy  in  diis  system  either. 


IV:New  Tools  for  the  Study  of  RadiatkMiless  Decay:  Systenuitic  DetermiruiticMi  of 
Intersections  of  Potential  Energy  Surfaces  of  (i)  the  same  overall  symmetry 
(Conical  Intersections)^  and  (ii)  different  spin-multiplicity(spin-allowed 
intersections)* 


The  goal  of  this  methodological  work  is  to  enid>]e  determinadon  of  the  (i)  minimum  energy 
crossing  point  for  above  classes  of  intersections  and  (ii)  additional  points  on  the  surface  of 
intersection  for  which  a  selected  number  of  geometrical  parameters  have  been  fixed  and  the 
remainder  are  optimized  to  minimize  the  energy  of  the  crossing  point  The  motivation  for  this 
a^MECt  of  our  research  program  is  the  fact  diat  the  minimum  energy  crossing  point  may  not  be 
sufficient  to  understand  mechanism  of  nonadiabatic  process  and  that  more  precise  treatments  of 
predissociation  dynamics  than  that  used  for  a-N202  require  more  than  just  a  single  point  oa  die 
crossing  surface. 

These  methodological  goals  are  achieved  through  the  use  of  Lagrange  multiplier 
constrained  minimization  procedures.  Amininnim  of  die  Lagrangian  function  L4j(R,^  X)  defined 


as: 

L^(R.^X)*  £;(R)+4A£^(R)+4//^(R)/2+  iA*C*(R) 

is  sought  where  Ei(R)  -  Ej(R)  s  AEu(R).  Hu(R)»(Y,(r.R)  I  H{r,R)  I  HV(r.R))  and  the  Q(R)  are  a 
set  of  geometrical  constraints,  for  exanqile,  Ci(R)  =  -  af  with  (R*'  -  R*')  •  (R*'  -  R"). 

In  words  we  minimize  Ei(R)  subjea  to  the  constraints  AEu(R)  s  0  and  Hu(R)sO  and  if  desired 
additional  getxnetric  constraints.  We  distinquish  between  two  cases  (i)  spin-allowed  crossing:  Hd(R) 
s  0  for  all  R  so  that  ^  w  0  and  (ii)  conical  intersections:  Hu(R)  ^  0  so  that  ^  ^  0 


Minimization  Lu(R)  at  second  order  gives; 
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Q"(R.tX)  g"(R)  h"(R)  K(R) 

SR' 

V(R) + + 2". 

g"(R)^  0  0  0 

A£„(R) 

h"(R)^  0  0  0 

s  ^ 

0 

K(R)^  0+  0^  0  . 

.A. 

C(R) 

and  ^(R)g  and  the  ofrastnint  gradients 

dK^  oR^  cR^ 

are  given  by  w^xor,z.  At  conveigenoe  the  right  hand  side  of 

these  Noiiflon-Rjfdistm  equations  are  aero  so  that 

l'(R)+4*"(R)+fefc‘'(R)+K(R)t.A  -0 

and  consttaints  are  satisfied.  The  mtenectualctmtentttf  die  above  equation  is  seen  as  follows: 

0)  Same  Synmetiy  Case:  ^  #0 

Energy  gradient  is  zero  excqit  along  M+2  directions  defined  by  tangents  to  (i)AEij(R), 

Gi)  Hii(R)  and  Gii)  geranetric  amstraints.  Consequendy  the  crossing  surfiice  has  dimension  at 
mostN-2. 

Oi)  Distinct  Spin  Symmetry  Case:  ^2  *0 

Since  ^  ■  0  the  eneigy  gradient  is  zero  excqit  along  M-f  1  diiecdmis  defined  by  tangents  to 
(i)AEu(R)  and  Gi)  the  geometric  constraints.  Consequendy  the  crossing  surfinx  has  dimension  at 
most  N-1. 

T\vo  final  cominents  are  qiprapriate.  In  the  distinct  symmetry  case  all  derivatives  exist 
However  in  the  'same  symmetry'  case  the  intersection  pdnt  is  a  singular  point  This  limits  the 
accuracy  widi  which  die  crossing  point  can  be  determined.  The  accuracy  widi  which  die  minimum 
eneigy  crossing  pmnt  can  be  determined  is  considered  in  the  ounputational  example  given  below. 
The  algorithms  described  above  are  predictive  in  the  following  sense.  Given  g^(R)  ,  g^ (R)  and 
if  appropriate  ^  (R)  at  R  and  constraints  corresponding  to  a  new  point  the  Newton-Raphson 
equations  'predict'  a  new  starting  geometry .  It  will  be  seen  in  die  taUe  below  this  predictive 
cqnblitycan  reduce  die  amount  of  work  required  to  detennine  subsequent  points  on  die  crossing 
surface. 

In  die  following  a  seam  of  conical  intersections  is  detennined  for  the  l^^A' states  of  die 
fom^l  radicalCHCX)).  The  following  figure  serves  to  motivate  die  choice  of  system.  Herzberg^ 
reported  an  observation  by  Johns  et  al  ^  duit  the  avoided  crossing  pictured  below  exists  in  die 
HCO  system.  The  algordim  discussed  above  was  used  to  see  if  in  fact  the  avoided  crossing  might 
be  a  cmiical  intersection. 
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2a»  H+CO 


Conical  Imenection  DetenninationtAlioriifam  PafixmaiioerHOO  Onamg  Suffine 


Her 

E(12a’) 

E(22a*) 

ROO 

Rhc 

ROH 

Nonn 

Minimnm  Energy  Qoasing  -  q(R4)  ■  1 

0 

-113.324919 

-113392215 

1432412 

3i)19385 

2392188 

1 

-113.316466 

-113.314633 

2.333579 

3.049433 

2.410928 

.816(-02) 

2 

-113.315S43 

-113.315527 

2.335198 

3.047688 

2.419480 

.155(-02) 

3 

-113315541 

-113.315541 

2.334160 

3.046533 

2.418513 

.976(-03) 

4 

-113.315542 

-113.315541 

2.333537 

3.045782 

2.417905 

.627(-03) 

S 

-113.315542 

-113.315542 

2.333136 

3.045301 

2.417518 

.402(-03) 

6 

•113.315543 

-113315542 

2.332879 

3.044992 

Z417270 

157(-03) 

Additkmnl  Pointa  with  Prediction 

aoo»  2.433479 

0 

-113.311507 

-113.311314 

2.435598 

3.168592 

2316925 

2 

-113311544 

-113.311544 

2.433478 

3.165083 

2314148 

aco- 2.233479 

0 

-113.312085 

-113.311298 

2141702 

2.938017 

2.330708 

2 

-113310678 

-113.310677 

2133479 

2.924388 

2.319816 

aoo*  2183479 

0 

113.314503 

-113.314424 

2184035 

2.986235 

2.369992 

2 

-113314423 

-113.314422 

2183479 

2.985298 

2.369108 

aco  *2.183479 

0 

-113.304416 

-113.304111 

2.185669 

2.866629 

2173271 

1 

-113.303810 

113.303809 

2.183477 

2.862963 

2169795 

aco  *2383479 

0 

-113314861 

-113313564 

2.392640 

3.120988 

2.480851 

2 

-113.314461 

-113.314460 

2.383479 

3.105640 

2.466167 

■Atomic  oniQ  used  dnoughouL  Each  constrained  minimization  was  begun  from  'prediction'  based 
on  final  geometiy  of  preceding  optimization. 
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The  nmiiiiiiim  energy  ptwtra  the  suffice  conical  intersectkMi^  Itis 

ooPBsfor  a  imckar  oonfigurttioo  moie  appropriaie  to  CX)H  than  to  the  HCO  system  noted  above. 


O  C 
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TtMoretical  Performance  of  Atomic  and  Molecular 
HEDM  Additives  to  Solid  H2 

Patrick  G.  Carrick 

Phlllpt  Laboratory,  Propulaion  Diractorata 
Edviranla  Air  Fbrca  Baaa,  CA  93524-7680 


The  potential  for  advanced  rocket  propellants  composed  of  additives 
to  cryogenic  solid  hydrogen  has  been  under  investigation  by  the  HEDM 
program  for  a  number  of  years.  Most  of  the  studies  have  focused  on  atomic 
additives  composed  of  H.  U,  B.  C.  Mg,  and  Al.  Previous  studies  reported 
the  limitations  for  storage  of  atoms  in  solid  hydrogen^ .  the  expected  specific 
impulse  (Isp)  for  these  atoms^,  and  the  first  observation  of  isolated  energetic 
atoms  composed  of  these  elements  in  hydrogen^.  The  study  of  the 
limitations  of  storage  for  atoms  in  solid  hydrogen  concluded  that  rndecular 
clusters  will  form  a  significant  proportion  of  the  additive  for  concentrations 
on  the  order  of  a  few  percent  in  addition,  the  report  of  the  isolation  of 
lithium  in  solid  hydrogen  concluded  that  the  lithium  atoms  must  be  deposited 
with  sufficient  kinetic  energy  to  overcome  surface  recombination.  Both  of 
these  studies  point  to  the  distinct  probability  that  small  molecular  systems 
may  form  a  significant  fraction  of  any  "real”  additive  to  cryogenic  solid 
hydrogen  propellants. 

The  energetics  under  which  lithium  atoms  have  been  deposited  into 
solid  hydrogen  point  to  two  potential  mechanisms  for  the  formation  of  small 
nrx>iecules  trapped  in  the  hydrogen.  One  likely  mechanism  is  the  reaction  of 
the  energetic  atom  with  the  solid  hydrogen  to  form  a  small  hydrogen 
containing  molecule.  For  instance,  lithium  atoms  with  a  kinetic  energy  of 
about  10  eV  could  dissociate  molecular  hydrogen  and  eventually  form  UH. 
The  other  possible  mechanism  is  the  recombination  of  the  deposited  atom 
with  a  like  atom  or  a  different  species  "metal"  atom.  For  example,  a  co- 
deposition  of  lithium  atoms  and  boron  atoms  could  result  in  a  small  amount 
of  UB  molecules.  These  mechanisms  are  currently  under  investigation. 
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Different  deposition  processes  (such  as  ovens  or  electric  discharges)  may 
also  result  in  the  formation  of  diatomic  or  polyatomic  species  in  the 
hydrogen. 

The  specific  impulse^  values  for  a  variety  of  atomic  and  small 
molecuiar  additives  to  solid  hydrogen  are  presented  in  Table  1 .  Values  for 
5%  of  the  additive  and  for  the  amount  of  additive  resulting  in  the  maximum 
specific  impulse  are  listed.  Note  that  the  mafority  of  the  atomic 
concentrations  for  the  maximum  specific  impulse  values  are  greater  than 
10%  and  that  all  of  the  maximum  concentration  values  are  greater  than  5%. 

The  potential  specific  impulse  of  a  "real”  system  of  atom  additives  to 
solid  hydrogen  will  be  effected  by  the  amount  of  ^e  molecular  components. 
The  overall  effect  of  the  molecul^  components  in  the  additive  is  dependent 
on  several  factors,  but  primarily  on  the  total  concentration  of  the  additive 
and  the  heat  of  formation  of  the  particular  molecular  component.  Consider, 
for  example,  the  case  of  5%  boron  atoms  in  solid  hydrogen.  The  optimum 
concentration  for  boron  to  give  the  maximum  specific  impulse  is  23%.  so 
inaeasing  the  boron  atom  concentration  to  greater  than  5%  will  result  in  a 
gain  in  isp.  The  substitution  of  5%  B2  molecules  in  effect  doubles  the  boron 
atom  concentration,  and  therefore  the  specific  impulse  for  B2  (at  the  5% 
level)  is  greater  than  boron  atoms,  despite  the  loss  of  energy  due  to  the 
boron-boron  bond.  Therefore,  a  certain  fraction  of  boron  diatomic  molecules 
in  a  5%  boron  atom  in  hydrogen  sample  will  actually  add  to  the  specific 
impulse.  Note  that  this  is  not  the  case  for  carbon  atoms  and  C2  molecules 
since  the  bond  strength  in  C2  is  large  enough  to  overcome  the  advantage  of 
greater  effective  atom  concentration. 

The  largest  isp  values  for  atoms  at  the  5%  level  are  for  boron  and 
carbon,  both  giving  specific  impulse  gains  (over  LOX-LH2)  of  about  80 
seconds.  The  largest  isp  values  for  the  diatomic  molecules  at  the  5%  level 
(disregarding  beryllium  compounds)  are  for  UB  and  B2.  with  specific 
impulse  gains  of  greater  than  100  seconds,  and  BC.  with  a  specific  impulse 
gain  of  over  90  seconds.  From  these  specific  impulse  values,  it  appears 
that  additives  containing  boron  or  carbon  are  the  most  promising  candidates 
for  energetic  additives  to  solid  hydrogen. 


Table  1 :  Calculated  Atomic  and  Diatomic  Isp 


%LOX  %sH2 


U 

U2 

UB% 


UC 

UMg 

UAI 

B9 

B92 

B«AI 

B 

B2 

BC 

C 

C2 

CAI 

N 

Mg 

Mgg 

Al 

Al2 

Si 

Tl 


-2.21 

52.1 

34.2 
82.4 

109.3 
143.2 

55.7 

61.2 

38.1 
53.6 

109.8 

159.6 

159.9 

69.3 

97.4 

77.4 

153.1 

147.4 
135.0 

207.2 

201.6 

171.3 

199.3 

174.5 
113.0 

35.2 
68.8 
78.9 

125.1 

107.6 

113.2 


Conditions:  Chamber  Pressure  - 1000  psi,  Exhaust  Pressure  •  14.7  psi 


79.4 
0 

79.6 

84.8 

71.7 

75.2 
86.0 

88.9 
80.1 

88.4 
85.0 
71.0 
70.0 

91.7 

92.7 

85.6 

92.2 

93.8 
77.0 

85.7 

85.8 


84.7 

93.2 

65.8 

86.2 

92.6 

89.8 
94.4 

91.8 
91.0 
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specific  impuise  caiculations  over  the  complete  range  of  interesting 
concentration  values  for  the  aciditives  were  also  completed.  The  resulting 
3D  grid  of  data  (mole  %  additive  vs.  mole  %  LOX  vs.  Isp)  can  be  plotted  in 
the  form  of  a  contour  map  by  projecting  the  specific  impulse  values  onto  the 
plane  formed  by  the  additive  and  LOX  mole  percents.  The  resulting  contour 
maps  can  then  be  used  to  determine  the  optimum  operating  conditions  for 
any  concentration  of  additive  in  the  solid  hydrogen. 

The  3-dimensionai  contour  plots  for  the  atomic  species  that  result  in 
the  largest  specific  impulse  gains  (boron  and  carbon)  are  given  in  Figures  1 
and  2.  Similar  contour  plots  for  the  other  elements  in  Table  1  (except  for  Si 
and  Ti)  are  contained  in  reference  2.  An  inspection  of  the  carbon  atom 
graph  reveals  that  above  about  4  mole  %  atoms,  addition  of  LOX  decreases 
ttie  Isp  and  therefore  at  5  %  this  system  should  be  run  as  a  monopropellant. 
These  same  conditions  occur  for  boron  atoms  near  11%  and  therefore  the 
5%  boron  atom  system  requires  LOX  to  obtain  the  maximum  Isp. 


%LOX 


Figure  1.  Isp  (sec.)  contour  plot  of  boron  atoms  in  solid  H2. 
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%  02  Molecules  in  sH2 


0  5  10  15  20  25 
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Figure  4.  Isp  (sec.)  contour  plot  of  LiB  Molecules  in  solid  H2. 
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SUMMARY 


Specific  impulse  calculations  on  a  variety  of  atomic  and  diatomic 
additives  to  solid  hydrogen  resulted  in  the  identification  of  1 8  species  (at  the 
5  mole  %  level)  which  inaease  the  Isp  by  10  %  or  greater  over  LOX/LH2. 
Some  of  these  energetic  additives  contain  beryllium  and  are  therefore 
probably  not  of  interest  for  ground  based  rocket  propulsion.  The  best 
candidate  species  contain  boron  or  carbon. 

It  has  been  shown  that,  in  most  cases,  the  effect  of  diatomic  species 
in  the  additive  can  lead  to  an  increase  in  the  specific  impulse.  For  several 
diatomic  molecules,  the  specific  impulse  gains  at  the  5%  level  are  greater 
than  the  corresponding  atoms  that  comprise  the  molecules.  This  is  due  to 
the  need  for  greater  concentrations  of  the  atom  to  obtain  the  maximum 
specific  impulse,  which  overcomes  the  energy  lost  to  the  molecular  bond. 
An  investigation  of  the  possible  effects  from  triatomic  and  larger  molecules 
is  underway. 
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Photochemistry  of  Solid  Ozone* 


Charles  A.  Wight 

Department  of  Chemistry 
UnNerstty  of  Utah 
Salt  Lake  Chy,  UT  84112 

High  energy  density  materials  formed  by  trapping  of  impurity  atoms,  free 
radicals  or  ions  in  cryogenic  solids  have  attracted  considerable  attention  recently.^^ 
Aside  from  fundamental  interests  in  determining  the  nature  of  condensed  phase 
reaction  dynamics,  these  systems  are  of  potentfal  use  as  advartced  propellants.  For 
example,  several  groups  have  investigated  the  properties  of  metal  atoms  trapped  in 
solid  hydrogen.*^  This  is  a  challenging  field,  especially  from  an  experimental 
standpoint,  because  solid  hydrogen  is  stable  only  at  temperatures  below  about  4  K. 

In  our  research  group,  we  have  been  Interested  in  the  spectroscopic, 
photochemical  and  photophysical  properties  of  solid  ozone  and  mixtures  of  ozone  with 
inert  or  reactive  solids.**^  In  this  paper,  we  describe  recent  results  aimed  at 
characterizing  photochemical  pathways  and  quantum  yields  for  destruction  of  ozone 
molecules  in  thin  solid  films  of  this  type. 

Experimental  Details 


Thin  films  of  ozone  and  its  mixtures  with  argon  or  nitrogen  have  been  prepared 
by  vapor  deposition  of  the  gaseous  mixtures  directly  onto  the  surface  of  an  optical 
window  at  10  K  (see  Rgurs  1).  The  window  is  mounted  in  a  copper  retainer  at  the 
cold  tip  of  a  closed-cycle  helium 


refrigerator.  Typical  sample 
thicknesses  are  from  1-500  microns, 
depending  on  the  concentration  of 
ozone.  The  ozone  is  prepared  by 
electric  discharge  of  0,  in  a  glass 
vacuum  manifold.  The  ozone  is 
continuously  removed  from  the  gas 
discharge  by  condensation  at  the 
bottom  of  the  vessel,  which  is 
immersed  in  a  liquid  nitrogen  bath. 

Samples  are  subjected  to 
pulsed  UV  laser  photolysis  at  266  nm 
(4th  harmonic  output  of  a  Nd:YAG 


Apparatus 
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at  10 


Intr).  Typical  condttiont  ara  10  lasar  pulsas  par 
aacond  at  100  pJ/bm*/puiaa.  The  extent  of 
photolyaia  ia  meaaurad  either  by  UV  abaorption 
apeciroaoopy  (aa  a  meaaura  of  total  ozone 
oonoentration)  or  by  tranamiaaion  FTIR 
apectroaoopy  (which  ia  uaefiii  for  diatingulahino 
monomera  from  dimera  and  larger  duatera). 

Reaulta  and  Diacuaaion 


Depoaition  of  dilute  mixturaa  of  ozone  in 
argon  produoea  flima  that  exhibit  two  diatinct 
apectrai  banda  in  the  region  of  the  v,  fundamental 
vibrational  mode  of  ozone  (aaymmetric  atratch). 

Typical  apectra  ara  ahown  in  Figure  2.  The  band 
near  1040  cm*'  incraaaea  in  relative  intenaity  (at 
the  expenae  of  the  1022  cm*'  feature)  aa  the 
concentration  of  ozone  ia  increaaed.  On  thia 
baaia.  we  have  aaaigned  the  lower  frequency 
band  to  the  iaoiated  moruimer  apedea.  The 
higher  frequency  band  ia  compoaed  of  dimer. 

trimer  and  larger  duatera  of  ozone.  Similar  resuita  have  been  obtained  for  mixturaa  of 
ozone  with  nitrogen  except  that  the  monomer  band  ia  aplit  into  two  featurea 

UV  iaaer  photolyaia  at  266  nm  (in  the  intenae  Hartley  band  of  ozones;  reaulta  in 
complete  deatruction  of  the  ozone  duatera,  aa  ahown  by  the  diaappearance  of  the 
feature  at  1040  cm*'.  However,  the  monomera  are  left  largely  undiaturbed.^^  Our 
interpretation  of  thia  obaervation  ia  that  in  duatera.  photodiaaodation  of  an  ozone 
molecule  generatea  a  hot  0  atom  that  ia  cagea  in  the  local  aite  of  photolyaia.  The 
atom  can  either  recombine  with  the  original  Oj  partner  or  read  with  another  O, 
molecule  of  the  duater.  The  overall  reaction  aequenoe  ia 


Figure  2 


0,  +  hv  -►  Oj  +  0 
O  +  O,  2  O, 


net  reaction:  2  O, hv  3  Oj 

intereatingly,  the  quantum  yield  for  photodiaaodation  of  the  duatera  dependa  on 
the  bulk  concentration  of  ozone  in  the  aample.  At  the  loweat  concentrationa 
inveatigated  (0,:Ar  »  1:1000)  the  quantum  yield  for  photodeatruction  of  ozone  duatera 
ia  0.3  ±  0.1  (aee  Figure  3).  The  yield  increaaea  with  increaaing  concentration  to  2.0 1 


**  The  1022  cm*'  band  decreases  somewhat  in  intensity  during  the  initial  stages  of 
photolysis,  but  most  monomers  (more  than  80%  in  samples  of  0,:Ar  at  1:1000)  remain 
undisturbed,  even  after  extended  photolysis  periods.  Tthe  small  extent  of  phot^sis  may  be 
due  to  pairs  of  O,  molecuies  that  are  next-nearest  neighbors  in  the  argon  lattice. 


2 


0.1  in  pure  ozone. 

The  oonoentFBtion  dependence 
of  the  quentum  yield  may  be  a  result 
of  charges  in  the  surfsoe  areafvoiume 
ratio  of  the  dusters,  tn  smalt  clusters 
(i.e.,  in  diluls  samples),  the  hot  O  atom 
produced  in  the  initial  photolysis  step 
is  more  Ukeiy  to  encounter  an  argon 
atom  than  another  0,  molecule.  This 
Mnd  of  event  tavors  cage 
recombination  of  0  O,  to  regenerate 
the  original  0,  moiecuie  (no  net 
reaction).  On  the  other  hand,  in  large 
dusters  Ibrmed  at  high  0^ 
concentrations,  the  hot  0  atom  is  likely 
to  first  encounter  another  O,  molecule, 
leading  to  reaction  and  net  destruction 
of  the  ozone. 

Similar  results  have  been  obtained  fbr  mixtures  of  0,  with  Nj.  except  that  in  this 
case,  a  reactive  channel  involving  the  host  matrix  can  also  occur 

O,  ♦  hv  0,  +  0 
0  ♦  N,  N,0 


net  reaction:  O,  Nj  <f  hv  N,0 

Formation  of  NjO  has  been  observed  directly  by  its  charederistic  absorption  in  the  v, 
fundamental  region,  but  this  produd  accounts  fbr  only  about  10-20%  of  the 
photodestructive  yield  of  0,.  even  at  high  dilution.  Both  of  the  other  channels, 
recombination  and  reaction  with  another  0,  molecule,  are  more  effident  than  reaction 
with  the  matrix  host 
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FkcHad  State  Rroduda  of  BectroD-IoD  Recombination 


Ni|d  G.  Adami,  B.  Ladide  Fdqr  and  Lnda  M.  Babcock 
Dcpaitment  of  Chemistry,  Univenity  of  Geofgia, 
Athens,  QA  30602. 


Dissociative  eketron-ion  leoomhination 


XY*  +  e-*X  +  Y 


is  extieinelyiiBiKictammioiiiaed  media  (such  as  planetary  atmoapheses,  interstdlar  gas  douds, 
die  90oe  shuttle  environment  and  combustion  flames)  bodi  in  oontroUing  ionization  density  and 
in  psoduciitg  reactive  neutral  radical  specks.  The  rate  coefficients  have  been  determined  for 
quite  a  large  number  of  reactionsS  however,  very  few  studies  have  been  made  of  the  products.^ 
Ibe  atmns  H,  N,  and  O  have  been  detected  flmn  foe  recombinations  of  B|0^,  and 

Recently,  H-atoms  and  OH  radicals  have  been  detected  from  foe  reoombmatioos  of 
NjH*,  HCO^,  HCO,*,  NaOH*,  OCSH+,  HjCN*,  H,0*,  H,S^,  NH**  and 
Recombination  reactioos  are  sufficiently  energetic  to  populate  electronically  excited  states  in 
addition  to  ground  states,  bideed,  tiie  observed  ground  state  OH  may  to  some  d^ree  result 
from  tile  radiative  decay  of  electronically  excited  states  produced  directly  in  the  recombination, 
hi  addition,  identification  of  excited  state  products  may  provide  insight  into  v^iich  ground  state 
^ecies  will  be  produced,  althou^  it  must  be  emphasized  tiiat  tiieae  different  recombination 
duuinds  will  occur  along  diflferem  rgmlnve  potential  curves.  Excited  state  products  tiiat  have 
previously  been  detected  have  been  Nefiom  '  and  CO(A*l]),  CO(d’Ai)  and  CO(iAl,)  from 

Recently,  emissioiis  have  been  detected  from  tiie  recombination  of 


In  tiie  present  study,  a  flowing  afterglow  coupled  wifo  emission  spectroscopy  has  been 
used  to  detect  emissions  from  electronically  excited  states  in  the  wavelengfo  range  190  to  800 
run  for  the  reconibinations  of  0,H+,  NjH*,  NjOH*,  CO,*,  HCO(,*,  OCS*,  OCSH+,  HjO*, 
HjS*  and  the  cluster  ions  N«*  and  N4H*.  For  maximum  senntivity  tiiis  requires  that  the 
emisnons  be  observed  in  the  r^ion  where  the  recombining  ions  are  being  produced  and,  as 
sudi,  tile  spectra  may  be  ormtaminated  by  otiier  emissioos  such  as  those  from  tiie  ion-mdiecule 
reactions  produdng  tiie  ions,  as  weU  as  otiier  sources.  To  overcome  this  problem,  a  technique 
.ias  been  developed  to  distinguish  between  the  different  sources  of  the  emissioos  tiiat  uses  a  gas 


vdudi  npdly  attaches  electrons  to  quench  the  dectron-ion  recombination  process. 

Die  flowing  aftmglow  used  for  these  measurements  has  been  described  in  detail 
pievioudy.*’  He*  urns  and  He  nwtastables,  He*,  were  created  in  hdium  in  a  microwave 
disdiarge  and  at  tiie  pressures  used  in  these  mqxriments  (— 1.8  Ton),  foe  He*  is  rapidly 
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Tddel.  Bpaietict  Qn  cV)  and  accesaWe  dectronic  sales  for  the  iBcombination  reactions  indicated. 


OJB* 

H  +  0,  +9.2 

QiCdates  up  to  d*!!^ 

0  +  (»  +  8  J 

CM(A*E*) 

H  +  20  +  4.1 

• 

H  +  N/)  +  7.7 

I'^Ofstates  iqi  to% 

H  +  N+  NO  +2.7 

- 

H  +  0  +  N,  +  6.6 

• 

NH  +  NO  +  6.6 

NHCA^Di;  states  up  to  dll) 

OH  +  N,  +  10.5 

OH(A^;  states  tp  to  D^) 

COi* 

0  +  CO  +  8.3 

CO(aX  a»*2:*,  <P4,  A*n,  I*r,  D*A) 

C  +  O,  +  2.2 

CMdA.,  b%*) 

BCOt* 

H  +  CO,  +  7.9 

H  +  0  +  CO  +  2.4 

CO(a^ 

OH  +  CO  +  6.8 

OH(A*Zr) 

HCO  +  0  +  3.2 

HCO(X»A"II) 

NjH* 

H  +  N,  +  8.5 

N,(states  ip  to  a*I^ 

NH  +  N  +  <  2.2 

NH(dA) 

N,  +  N,  +  14.6 

Instates  ip  to  ^*‘2^'^) 

2N  +  N,  +  4.8 

• 

N  +  N,  +  <  9.4 

- 

H  +  2N,  +  7.8 

l«AV.  BX. 

NH  +  N  +  N,  +  <1.5 

• 

NH  +  N,  +  <  6.0 

NH(a*A) 

N  +  H  +N3  +  -2.6 

? 

H  +  N4 

? 

converted  to  Eti*.  Ar  was  dien  added  and  diis  reacted  widi  die  and  HeP  to  produce  an 
ArVdectron  plasma.  Other£asessuchasH2andthegas,XY,  from  which  the  recombining  ions 
were  produced,  were  added  further  downstream  at  an  upstream  feeing  port  located  direedy  in 
front  of  a  0.66m  optical  Electrometer  so  that  die  emissiems  from  dectronically  excited 
recombination  products  could  be  detected.  Sufficient  gases  were  added  to  ensure  diat  die  ions 
were  vibradonally  rdaxed  brfore  recombination. 

The  tedinique  for  d^yHngirighing  bebireen  emissions  due  to  recombinatum  and  from  other 
sources  is  illustrated  in  Fig.  1.  An  "origin"  spectrum  (a)  of  the  wavdength  regum  of  interest 


cnn«ainin£  all  emissions  is  first  recorded.  A  gas,  AB,  which  very  laiMy  attaches  dectrons  is 
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ten  added  upetream  widi  die  Ar  lo  remove  eiectraos  and  dnis  quendi  dection-km 
recondihyakiiL  Store  iqiperliniitattaffhinemiate  coefficients  are  about  two  orders  of  magnitiidr, 
toiler  dian  the  eqidvalent  ioiHieutial  reaction  ale  coefficients,  die  ion  diemistry  is  only  sli^idy 
alfccied.  A  *bad(|niund*  yertnim  (b)  is  then  taken  ediich  contains  all  emissions  other  than 
those  ffiMs  cieetron>ton  reconddnadon.  If  die  amount  of  attadiins  las  is  sufficient  to  attadi  all 
of  the  dectwns  dien  die  diftorenre  (c)  between  these  two  spectre  will  give  die  spectrum  due  to 
recosnbtoation  alone  with  any  ion-ion  (mutual  neutreUadon)  contribution  being  negative.  A 
great  deid  of  additional  information  can  be  obtained  by  taking  die  ratio  of  die  origin  to  die 
bodkgroond  spectrum  (d)  On  dus  case  somewhat  less  attaching  gas  needs  to  be  added  so  diat  die 
dectrosi-tonirioonihinatieo  emissions  are  not  conytotdyquendied).  The  peaks  on  this  plot  will 
be  approadmatdy  square  widi  the  features  originatiiig  from  a  givea  process  Itaving  die  same 
amplitude  independent  of  die  totensi^  of  die  emission.  Thus  very  low  intensity  emissions  can 
be  delected.  The  retios  associated  witfa  ion^ieutial  and  neutral-neutral  reactions  are  somewhat 


greater  dian  one  because  even  with  nqndly  attaching  gases  there  is  some  reaction  and  dius  a 
reduction  to  die  emissions. 

The  tedintqiies  are  illustrated  to  Rg.  2  for  die  recombination  of  Reaction 

energetics  and  acoesable  electronically  esdted  states  are  given  to  Table  1.  To  confirm  die 
sources  of  die  emissions,  the  vaxiations  of  die  intensities  of  die  qiectial  features  widi  SF^  flow 


were  determined.  Very  different  forms  of  the  variations  were  obtained  for  emissions  aiiring 
from  different  sources*’  and  establish  very  dearly  vriiidi  emissions  result  fipom  electron>iao 


recombination.  Details  of  all  of  die  emissions  frtmi  recombination  that  we  have,  so  for, 
identified  are  given  to  Table  2. 

Now  that  it  has  been  established  wfaidi  emissions  are  due  to  reoonfotoation,  their  idative 
contributions  to  the  product  distribution  can  be  assessed  by  int^rating  under  die  emission  bands 
and  accounting  for  the  differing  transition  probabilities.  The  populations  of  the  vibraticmallevds 
of  die  OH  A-state  deduced  in  this  manner  for  the  and  NfiH*  recombinations  are  given 


Table  2.  Optical  emissions  (190  to  800  run),  so  far  identified,  from  the  recombination  reactions  indicated. 


Recondiiiring  Irm 


Optical  Emisrions 


OjH* 

CO2* 

HCO2* 

OeSH* 

N^* 

N;a* 


OH(A-*X) 

OH(A-»^,  NH(A>»X) 

CXKd-^),  CO(ft*»,  CO(e-^),  Ojffr^X) 
OH(A>»X),  HCOff’A"-*X’A’) 
many  lines,  now  being  assigned. 
N3(B^A) 

N,(B>»A),  NH(A>»X) 
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Tribk  3.  V&mtianl  state  population  distributions  for  die  OH(A^)  electionic  state  (v*  «  0,1,2)  resulting 
from  the  dectron  woomhinations  of  NjCffl*  and  OJH^ 


0,H* 

H/m* 


T*  -  0  ▼»  *  1  ▼*  *  2 

62  ±  15«  26  ±  15%  12  ±  12% 

59  ±  15%  28  ±  15%  13  ±  13% 


mTdde3.  In  addition  for  die  relative  contributinns  of  the  OH  A-state  and  the  NH  A- 

stiteared  to  1. 

fri  die  case  of  die  qwcttsl  cmissinns  fr<Mn  recombination,  diere  are  previous  data 
available  vriudi  are  in  good  agreement  with  die  present  data.  This  gives  added  confidence  in 
die  validity  of  our  measurements.  Very  reoendy,  emission  qiectia  have  been  recorded  frmn  the 
recombinations  of  K*'*'  and  In  these  cases  diere  is  die  possibility  of  forming  and  also 
Ht  for  the  recombination  (see  Table  1)  and  diese  products  will  be  observable  if  thqr  have 
appropriate  excited  states.  In  particular  tetrahedral  K«  may  be  Elected  even  if  die 
recombiniog  ion  does  not  have  a  tetrahedral  structure  (this  is  not  known  and  dius  a  calculation 
would  be  useful),  since  depending  on  die  available  potential  surfoces  there  could  be  significant 
structural  rearrangement  Our  eaqierimental  studies  are  continuing. 
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Wavelength 


Fig.  1.  Schematic  optical  q)ectia  to  illustrate  techniques  for  identifying  emissicms  due  to 
recombination.  The  qiectra  are:  a)  an  (»igin  q)ectrum  widi  emisaons  cniginating  from  dectron- 
km  recombination,  ion-nmitral  reactions  and  neutral-neutral  reactions;  b)  a  background  q)ectium 
in  \diidi  dectron-ion  recombination  emissions  have  been  greatly  reduced  by  addition  of  an 
attaching  gas,  AB;  c)  a  difference  plot,  (a  -  b),  exhibiting  emissions  primarily  from 
recombination;  d)  a  ratio  plot  .  in  whidi  die  emissions  appear  as  square  topped  peaks 
the  hdght  dqiending  on  the  process  giving  rise  to  the  emissicm.  For  case  d)  it  is  essential  that 
the  amount  of  attaching  gas  added  is  less  than  that  for  complete  removal  of  the  recombination 
emissions. 
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Hg.  2.  Spectral  emissions  from  a 
leooartHiiinf  N|(ffl'^/declroo  afteislow:  a) 
wiAout.  and  b)  widi  SFcattadiing  gas  added 
at  a  level  wfaidi  is  not  quite  suffident  to 
remove  die  recondnnatkm  emisaons.  c)  is 
the  latio  of  die  ploCs,  aAi,  widi  the 
of  die  latios  eqweted  for 
origmating  from  electiofi*ioii 
reoombiiiatioii  (e>i)  and  ion-neutral  |dus 
neutral-neutral  and  n-n)  reactions 
indicatBd.  The  qiectra  have  been  oocrected 
frv  variations  in  die  optical  efficiency  of  the 
monochromator  and  detection  system.  Note 
diat  all  emissions  are  not  quenched  by  the 
addition  of  SF«.  Inflection  reveals  that  the 
OH  and  NH  emissions  originate  from 
electron-ion  recombination,  whereas  the 
N}0'^  emissims  (not  from  recombination) 
are  from  ion-neutral  and  neutral-neutral 
reactions.  The  square  topped  peaks  at 
wavdengths  less  that  280  nm  show  that 
there  are  emissions  (not  viable  on  the 
intensity  scale  of  a)  and  b))  which  result 
from  recombinatitm. 
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BORON  ATOM  REACTIONS  WITH  ACETYLENE.  AB  INITIO 
CALCULATED  AND  OBSERVED  ISOTOPIC  INFRARED  SPECTRA  OF 
THE  BORIRENE  RADICAL  BC^2-  ^  FINGERPRINT  MATCH. 
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ABSTRACT 

Pubed  laaer  evaporated  boron  atoma  react  with  CqHa  to  produce  aeveral 
new  organoboron  apeeiea.  The  atrongeat  abeorption  at  1170.6  em*^  in  the  B-C2 
atretdiing  re|pon  ezhibiia  and  D  ahifta  for  7  iaotopie  moloeulee  in 

agreement  with  MP2^ZP  ealeulationa  for  a  BC2H2  borireno  radical  apedea. 
T^  agreement  provides  a  "fingerprint*  match  for  identification  of  the  TO2H2 
ring  apedea.  Calculated  bond  len^hs  are  appropriate  for  delocalized  bonding 
in  the  BC2  ring  system. 

INTRODUCTION 

Boron  atom  reactions  with  small  molecules  such  as  O2,  H2O,  N2,  CO 
and  CH4  have  paused  new  boitm  spedee  for  matrix  infiwred  spectroscopic 
diaracterization.**  The  boron-acetylene  reaction  is  of  particular  interest 
because  theoretical  calculations  su0sest  that  both  C-H  insertion  and  C*C 
addition  reactions  will  proceed  readity.^  The  addition  product  borireno  radical 
BC^2  oqwcted  to  be  a  novel  2x  electron  aromatic  syatem  like  predicted  for 
bonrane  (HBC2H2)®'^'  and  observed  for  substituted  borireno  spedes.^’*^®  The 
inftared  spectrum  and  MP2/DZP  calculations  on  the  borireno  radical  will  be 
presented  here. 

EXPERIMENTAL 

Mixturea  of  argon/acetylene  (200/1  to  800/1)  were  codeposited  at  12±1 
K  with  pubed  laser  evaporated  boron  atoms  ("B:  80%  ^^B,  20%  and 
94%  6%  ^^B)  using  Q*switched  1064  nm  radiation  with  40  mJ^uise  at  the 

target  as  described  previously  Spectra  for  reaction  of  each  boron  sample 
with  C2H2,  ^^CjHn  and  C2D2  were  collected  at  0.6  cm*^  resolution.  Samples 
were  alro  subjected  to  UV  photolysb  and  to  annealing  cycles. 
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RESULTS  AND  DISCUSSION 


Two  spoetrol  regions  sro  of  interest:  the  2100-1900  em'^  region  shows 
8  spodee  with  strong  CaC  stretching  modes,  whidi  will  be  the  subject  of  s  full 
peper,^^  end  the  1200-1100  cm'^  r^(ion  reveeb  two  sharp  product  absorptions 
at  1176^,  1170.6  cm'^  (E)  and  1122.7  em'^  (F),  which  will  be  considered  here. 
Hie  E  doublet  and  F  band  are  decreased  40%  by  X  >  290  nm  pfadolysis,  and 
ftirtliMrX>  264  nm  irradiation  almost  destroyed  the  E  and  F  bands.  Annealing 
to  18±1  K  to  allow  diffusion  and  reaction  of  trapped  boron  atoms  restored  some 
dr  ttw  1170.6  em*^  band,  and  aee^dene  absorptions  did  not  diange.  Further 
annealing  to  28±1  K  r^irodueed  the  1170.6  em'^  E  band,  sharpened  the  F 
band,  and  increased  acetylene  duster  absorptions. 

Isotopic  data  for  the  E  bands  are  mven  in  Table  I.  The  1170.6  cm'^ 
band  eshibito  26.4  cm*^  boron- 10, 22.9  cm’^caibon-lS,  and  1.2  cm*^  deutnium 
shifts  and  as  such  defines  a  symmetric  B-C2  stretching  vibration.  The  natural 
boron  isotopic  4:1  doublet  demonstrates  the  presence  of  a  single  boron  atom, 
and  the  observation  of  a  sini^e  mixed  earbon-12,13  peak  in  carbon- 13  Miriched 
samples  characterizes  two  equivalent  carbon  atoms.  Spedes  E  thus  eimtains 
one  B  atom,  two  equivalent  C  atoms,  and  hydrogen. 

Calculations  were  done  at  tlw  MP2  level  with  the  DZP  (double  (  plus 
polarization)  basis  set  using  the  GAUSSIAN  92  program.  Calculsted 
vibrational  frequendes  and  intensities  show  that  the  strong  calculated  1214.9 
cm**  band  dominates  the  spedrum.  Table  I  also  Ibts  the  calculated  harmonic 
isotopic  fiindamentab;  multiplying  by  the  average  scale  factor  0.964  gives 
calculated  bands  in  agreement  within  a  1.0  cm’^  average  for  7  botopic  E  band 
ftoquendes.  CThe  fit  for  the  6  hydrogen  isotopes  with  similar  anharmonidties 
b  much  better.)  Thb  excellent  agreement  ^tween  calculated  and  observed 
wotopic  fiwquendes  confirms  the  identification  of  BC2H2.  Large  basb  set 
coupled  duster  calcubtions^^  predict  BCUHo  to  be  74  kcal/mol  more  steble 
than  B4C2H2. 


On  the  other  lund,  the  F  bands  are  assigned  to  the  cyclic  HBC2  species; 
the  different  28.7  cm*  boron-10, 16.6  cm*^  eaibon-13,  and  47.0  cm*^  deuterium 
botopic  shifts  are  matched  (±1.7  cm*b  by  quantum  chemical  ealcubtions  for 
HBC2.  Calculations  for  the  similar  borirene  molecule  HBC2H2  reveal  still 
different  isotopic  shifts  for  the  strong  B-C.  fundamental  calcuIaM  at  1215.8 
cm  :  26.3  cm*^  boron-10,  22.3  cm*  caiMn-13  and  60.2  cm*^  deuterium. 
Clearty,  each  molecule  has  a  unique  arrangement  of  atoms  and  unique  normal 
vibrational  modes,  which  can  be  characterized  by  isotopic  substitution  at  all 
atomic  positions.  The  important  condusion  reached  here  b  that  agreement 
between  scaled  calculated  and  observed  isotopic  frequencies  for  one  vibrational 
fundamental  with  substitution  at  all  atomic  positions  constitutes  a  fingerprint 
matdi  for  identification  of  the  molecule,  which  b  demonstrated  for  BC2H2. 
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It  is  dssrl^  seen  that  the  OC  bonds  in  BC2HQ  ond  HBCnH  srs  longer 
then  In  Likewise  the  B-C  bonds  are  shorter  men  typieau  single  bonds 

(1JMI8  A  in  B(C^jP3).^^  Similar  evidence  has  been  offered  to  support 
deleealisation  of  the  two  pi  eleetrom  over  the  S-membered  ring  and  aromatic 
diataeter  for  the  BCoring  in  trimssitylborirene.^*^^  Furthermore,  the  BC2 
rin^  in  BCUHa  and  llB^Hj  are  seen  to  be  virtually  identical.  Thus,  the 
sigma  radical  site  in  BG2H2  has  noefleeton  the  deloealised  bonding  in  the  BC2 
ring. 


The  photolysis  of  BGjHj  at  254-290  nm  indicates  a  shong  absorption 
band  in  this  region,  in  agreement  with  trimesiiylborireiw.^^  The  photolysis 
behavior  also  provides  evidence  for  deloealised  bonding  as  acetylene  and 
etfaylene  absorb  at  shorter  wavelengths. 

Hw  appearance  of  BCS2H2  on  difliision  and  reaction  of  B  atoms  at  17  K 
in  solid  argon  follows  similar  behavior  for  B02.^  These  reactions  proceed 
without  activation  energy.  Hm  BC2H2  radical  b  the  simplest  borirene  spedee 
yet  observed  and  characterised.  Further  studies  are  in  progress  in  thb 
laboratory  to  prepare  substituted  borirene  radicab. 
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Table  I.  Oaleulalad  and  obeerved  isoiopie  bequeneies  (em*^)  for  the  strongest  E  band. 


“b“c“CH2 


v<B<<32)oha 

1170.6 

1197.4 

1161.9 

1147.8 

v(B*C2)eale 

1214.9 

1242.8 

1206.8 

1190.8 

vCsealed  0.964) 

1171.2 

1198.1 

1162.8 

1147.9 

A(obs-sealed) 

•0.6 

-0.7 

•0.9 

•0.6 

*®B“CH2 

wm 

1169.4 

1216.4 

1211.0 

1172.6 

1167.4 
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1239.2 
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MCD  SPECTROSCOPY  OF  LASER  ABLATED  ALKAU  METALS  IN  MIXED 

RARE  GAS  MATRICES 

Robert  A.  Corbin 
John  W.  Kenneyt  III 

Chemical  Physics  Labammy 
DqHsnment  afPhyticai  Sdences-Chemisay 
Eastern  New  Mexico  UnNersity 
Pmrtales,  New  Mexico  88130 


ImmHuninm- 


The  sharp  2s-»  2p  (ngl  npl)  atomic  transition  of  a  gas  phase  alkali  metal  emerges  as 
one  or  more  bfoad  "tr^lets"  ^irfien  die  alkali  metal  is  trqiped  in  a  solid  rare  gas  matrix  of  Ar,  Kr,  or 
Xe.^  Laser  ahladon  studies  by  Fajardo  et  aL  have  demonstrated  that  the  triplet  absoqition  pattern 
blue  shifts  as  die  alkali  metal  atoms  are  deposited  in  piogressively  d^ter  trapping  sites  in  the  rare 
gas  matrix.^  Moreover,  Fajardo  and  Corbin  recendy  discovered  that  this  triplet  structure  persists 
evmi^ien  the  alkali  metal  atoms  are  dqxmted  laser  ablation  into  mixed  rare  gas  solid  matrices 
conqxised  of  Ar  and  &  in  varying  propofdcms.^ 


MCD  Spectra  afLURt:Re*  Systems  Pi 


tnxfrAhinAnn 


This  study  represents  an  extension  of  the  MCD  technique  into  an  area  of  virtually 
nntrammeled  spectroscopic  ground  where  the  laser  abladra  technique  is  used  for  metal  atom 
deposidon  onto  mixed  rare  gas  matrices.  All  of  the  published  MCD  studies  are  on  metal/pure  rare 
gas  systems  in  which  the  Knudsen  effusion  technique  was  used  to  generate  the  metal  aunn 
vqxvs.^  Only  red  triplet  sites  in  M/Rg  s^tems  have  been  invesdgated  in  detail  The  UV-visible 
and  MCD  studies  we  report  below  utilize  the  laser  abladon  technique  (308  nm  excimer  pulses)  to 
generate  metal  atom  vapors.  Matrices  were  dqiosited  on  at  0°  sapphire  window  held  at  cryogenic 
ternperatures  (~13-20  K)  in  a  closed-cycle  liquid  He  redigerator.  MCD  spectra  were  detected  by 
the  standard  photoelasdc  modulator/lock-in  amplifier  technique.  All  MCD  spectra  are  repeatedly 
reproducible,  change  sign  when  magnet  polarity  is  reversed,  and  disappear  when  the  magnet  is 
turned  off. 


lAfXe'.  Fajardo  et  al.  showed  that  the  UV-visible  spectra  of  Li/Xe  generated  by  laser 
ablation  and  by  the  Knudsen  oven  method  are  identical.^  In  this  particular  system,  the  excess 
kinetic  eneigy  afforded  by  laser  ablation  does  not  force  the  metal  atoms  into  a  tighter  binding  sites 
in  the  Xe  matrix.  As  such,  Li/Xe  provides  a  convenient  benchmark  for  our  MCD  studies  since  we 


can  cooqMre  our  MCD  spectra  dizectly  to  the  Schatz  et  aL  MCD  spectra  for  this  particular  system. 
InHgure  1,  we  present  our  UV-visible  and  MCD  spectra  of  Li/Xe  generated  by  the  laser  ablation 
technique.  Bodi  the  UV-visible  and  MCD  spectra  are  virtually  identical  to  die  UV-visible  and 
MCD  qiectra  rqiocted  by  Schatz  et  aL^  in  the  -15-20  K  tenqierature  range.  These  results  give  us 
confidence  that  our  magnet,  cryostat,  and  dreulardichroism  detection  instrumentation  are  indeed 
woridng  properly. 

LUAr.  In  Hgure  2,  we  present  UV-visible  and  MCD  spectra  of  Li/Ar  prepared  by  laser 
ablation.  The  three  lowest  peaks  in  the  UV-visible  transmission  spectrum  in  the  600-650  run 
region  correspond  to  the  U/Ar  blue  triplet  previously  reported  by  Fajardo  et  al.^  The 
corresponding  MCD  spectrum  in  Figure  2,  corxqnised  of  two  up  peaks  and  ooc  down  peak  in  the 
600-650  nm  region,  represents  a  distincdy  different  MCD  pattern  than  found  in  Li/Xe. 
hiterestingly  enou^,  this  MCD  pattern  is  somewhat  like  die  pattern  found  in  die  Schatz  etaL  MCD 
spectrum  of  Li/Ar  generated  by  the  Knudsen  oven  technique.^  The  Schatz  et  al.  UV-visible 
spectrum  of  the  Li/Ar  sample  clearly  shows  it  to  be  a  mixture  of  red  and  blue  tr^let  sites.  Schatz  et 
al.  did  not  subject  their  li/Ar  spectra  to  detailed  aiudysis  because  they  realized  that  diey  were 
dealing  with  more  than  (me  li/Ar  site.  Here  we  see  clearly  the  significant  advantage  of  die  laser 
ablaticm  technique  in  allowing  us  to  control  access  to  red  or  blue  triplet  sites  by  adjusting  laser 
powo-,  repedtitm  rate,  and  matrix  gas  deposidcm  rate.  Even  though  the  particular  Li/Ar  matrix 
rqnesented  in  Figure  2  is  not  a  pure  blue  triplet  matrix,  it  represents  a  significant  enhancmnent  of 
li/Ar  blue  triplet  sites  over  the  percentage  of  blue  sites  available  to  Schatz  et  aL  using  Knudsen 
oven  generated  matrices.  We  certainly  have  the  potential  to  do  much  better  than  we  have  done  in 
Figure  2  in  producing  pure  blue  triplets  in  li/Ar. 

LUArpCe:  In  Figures  3  and  4,  we  present  the  UV-visible  and  MCD  spectra  of  li  atoms 
deposited  in  mixed  Ar,Xe  matrices  with  two  different  Ar;Xe  ratios.  In  Hgure  3,  a  50%  Ar,50% 
Xe  mixture,  we  see  an  exceedingly  broad  triplet  in  the  UV-visible  spectrum  in  the  630-700  nm 
region.  The  corresponding  MOD  spectrum  is  comprised  of  one  up  peak  and  two  down  peaks 
analogous  to  the  li/Xe  MCD  spetmum  shown  in  Hgure  1.  In  Figure  4,  a  90%  Ar,10%  Xe 
mixture,  the  MCD  spectrum  consists  of  two  up  peaks  and  one  down  peak  in  the  625-675  nm 
regicm.  This  pattern  is  analogous  to  the  Li/Ar  MCD  pattern  shown  in  Figure  2.  The  Li/Ar,Xe 
MCD  spectra  have  the  same  overall  structure  as  the  pure  Li/Ar  and  pure  U/Xe  MCD  spectra  but 
stretch  out  over  a  greater  spectral  range  along  with  their  ccnresponding  UV-visible  spectra.  The 
MCD  activity  of  the  triplet  is  definitely  preserved  in  these  M/Rg;Rg'  systems.  The  MCD  pattern  of 
one  up  peak  and  two  down  peaks  (pure  U/Xe,  Figure  1)  persists  even  up  to  a  Li/50%  Ar,50%  Xe 
mixture  (Hgure  2).  However,  the  MCD  pattern  of  two  up  peaks  and  one  down  peak  in  pure  Li/Ar 


(Rgnre  2)  is  presaved  in  Li/90%  Ai;10%  Xc  (Hgure  4).  These  results  suggest  diet  the  gross 
MQ>  pmem  rnty.  with  furdia  refinements,  be  able  to  serve  as  a  sixqile  diagnostic  diat  can  be 
used  to  ten  us  udiat  kinds  of  sites  are  present  in  a  given  M/Rg  sysiB&L 


It  is  a  pleasure  to  acknowkdge  Dr.  Mario  £.  Fajardo  for  providing  an  onxntunity  for 
R.A.C  to  perfonn  M/R^g*  UV-visible  studies  at  die  Air  Force  Phillips  Laboratory  at  Edwards 
AFB,  CA.  Ms.  Stack  Stowe  is  admowledged  for  ha  spectroscopk  measurements  on  die  inire 
li/Xe  and  Li/Ar  systems. 


^Andrews.  L.;  Pimentd,  G.  C.  J.  Chan.  Pkys.  1M7.47.  2905-2910. 

^Fsiaido.  M.  E4  ORick.  Kenney.  J.  W..  m  /.  Chem.  Pkys.  1991, 94, 5812. 

^  Faisnio,  M.  E.;  Coriiin,  R.  A.,  to  be  poblitfaed. 

*  (a)  Land,  PA.;  Smith,  D.;  Jacobs,  S.lil;  Sdiaiz.  P.  N.  J.  Pkys.  Ckem.  1984,88, 31-42.  0>)  Kmc,  J.;  Smith, 
D.;  Williamann.  B.  £.;  Schatz.  P.  N.  7.  Pkys.  Ckem.  1984, 90, 2606-2615.  (c)  Samet,  C;  Rare,  J.  L; 
Williamaoii,  B.  E.;  Schatz,  P.  N.  Ckem.  Pkys.  Lett.  1987, 142,  557-561. 
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Li/0%Ar,100%Xe 


Li/100%Ar;0%Xe 


MCD:  AA  =  A(LCP)  -  A(RCP)  MCD:  AA  =  AOjCP)  -  A(RCP) 

UV-visible:  Transmission  UV-visible;  Transmission 


Li/50%Ar,50%Xe 


NANOMETERS  (ta) 


Li/90%Ar,10%Xe 


NANOMETERS  (ns) 
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ion  Chomistry  of  Boron  Hydride  Species: 

Smaii  and  Large 

Robert  Dftmraiiiir .  Mtehels  Krsmpp,  Martin  Stephan,  and  Veronica.  M.  Bierbaum 
Chemiatiy  Departments.  University  of  Colorado  in  Denver  and  Boulder,  Colorado 

Many  Insights  into  the  chemical  bonding  of  boron  hydrides  have  resulted  from 
stmcture  and  reactivity  studies  over  the  last  eighty  years.  Much  of  the  initial 
practical  interest  in  such  boranes  arose  in  evaluating  their  potential  as  rocket 
propellants.  More  recently,  the  use  of  other  boron  compounds  to  protect  high- 
performance  carbon-carbon  composites  has  helped  reinvigorate  boron  chemistry. 

Despite  such  activities,  no  comprehensive  effort  to  study  the  gas  phase  ion 
chemistry  of  boron-containing  anions  has  been  reported.  We  have  undertaken 
such  an  investigation  using  tandem  selected  ion  flowing  afterglow  techniques. 

Our  initial  efforts  are  based  on  observations  that  a  complex  array  of  boron 
hydride  anions  can  be  prepared  by  reaction  of  BaHe  with  either  HO*" or  HaN**  in 
the  source  region  of  our  tandem  flowing  afterglow  instalment  Subsequent  mass 
selection  of  various  boron  hydride  anions  allows  further  study.  Some  of  these 
anions  exhibit  unusuai  reaction  chemistry  and  oolHsion-induced  dissociation 
(CID)  behavior.  One  particularly  important  aspect  of  such  studies  is  that  they 
often  allow  indirect  probing  of  unusuai  oxidation  states  of  the  neutral  molecules 
related  to  the  anions  under  study. 

This  poster  will  focus  on  the  preparation  and  reactivity  studies  of  boron  hydride 
anions,  both  large  and  small.  It  will  report  on  detailed  studies  of  the  reaction 
chemistry  of  B2H3  ~as  well  as  various  aspects  of  the  CID  and  reaction  chemist^ 
of  larger  anions. 

This  work  is  supported  by  the  Air  Force  Office  of  Scientific  Research  (AFOSR- 
F49620-92-J-0182). 
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LOW  TBiPBIATURE  THERMAL  DECOMPOStTION  OF  NH4N(N02)2  •  THE  IR 
MATRIX  ISOLATION  SPECTRUM  AND  UV  PHOTOLYSIS  OF  HNINO,), 


A.  J.  Tulls  and  A.  Snelson,  IIT  Research  Institute,  Chicago,  IL  6061 6 
D.  Patel,  Balvoir  RO&E  Canter,  Fort  Balvoir,  VA  22060 


The  vapor  species  over  armnonium  dinitramide  heated  in  a  Teflon  Knudsen  ceii 
(55-110*0  have  been  examiried  using  IR  matrix  (argon)  isolation  spectroscopy. 
Some  twenty-two  "unimown*  absorption  bands  were  identifled  in  the  matrix  spectra 
that  appeared  to  be  associated  with  a  single  trapped  species,  most  likely  hydrogen 
dinitramida  HNINOj)].  UV  irradiation  of  the  unknown  absorption  bands  resulted  in 
their  disappearance,  arul  the  appearance  of  new  absorptions  bands  assignable  to 
trans-HNOj,  N^O,  NO  and  (NOlj.  A  tentative  assignment  of  the  22  "unknown* 
vibrational  frequencies  to  HNINO^lj  has  been  made  assuming  C.  symmetry  (18  IR 
active  frequencies)  and  is  in  reasonable  agreement  with  a  recent  theoretical  calculation 
of  these  vibration  frequencies  by  Michels  et  al.'  No  evidence  was  obtained  in  this 
study  for  the  existence  of  structural  isomers  of  hydrogen  dinitramide,  notably  the  aci- 
form  N(N02)(N00H),  which  recent  theoretical  calculations'  suggest  is  only  slightly 
less  stable  than  the  secondary  amine  structure. 


Ammonium  Dinitramide  NH4N(N02)2  *  An  Energetic  Oxidizer 


AH*f  (298K)  s  -36  kcai  mor'.  Density  1.8  g  cm*’,  Mp  «i95*C 


Potential  replacement  for  ammonium  perchlorate  in  rocket  motors.  Eliminates 
environmentally  undesirable  plume  of  HCI. 


Objective  of  Study 

(1)  Characterize  the  low  temperature  vaporization  behavior  of  NH4N(N02)2. 

(2)  Determine  if  parent  acid  hydrogen  dinitramide,  HNCNOjIa,  exists. 

(3)  Obtain  evidence  for  existence  of  isomers  of  hydrogen  dinitramide. 


Theoretical  Studies  on  Hydrogen  Dinitramide 

Ab  initio  calculations  by  Michels  and  Montgomery  have  identified  five  stable 
isomers  of  hydrogen  dinitramide: 


'H.  H.  Michels  and  J.  A.  Montgomery,  Jr. 
Physical  Chemistry,  June,  1993. 


Preprint  of  paper  to  appear  in  J. 


438 


•  Th«  most  stablo  has  secondary  amine  structure.  HNiNOjij,  AH*|  (O  K)  «  28.4 
keel  moT'. 

a  The  remainirm  four  isomers  have  acid  structures  NiNOjXNOOH)  some  7.9-9.7 
keel  moT'  less  stable  than  the  secondary  amine  isomer. 

e  Vibration  frequencies  of  amine  and  acid  isomers  were  calculated. 

Secondary  Amine  and  Add  Structures  of  Hydrogen  DfaUtramlde 


OCKD-OO 


Sacondary  amina-form 
Noo-Planar  (Q,)  18  R  Activa  Fraquandas 
Planar  (C,J  16  R  Activa  Fraquandas 


Ad-form 

Planar  (C.)  18  IR  Activa  Fraquandas 
Non  Planar  (C,)  18  IR  Activa  Fraquandas 


IR  Mstrix  Studies  on  NH4N(N02)2 

1.  Samples  of  NH4N(N02)2  obtained  from  SRI  and  Thiokol  Corporation.  Stated 
purities  >99%. 

2.  Samples  vaporized  from  all  Teflon  Knudsen  cells: 

•  Vaporization  temperature  55-11  O^C 

e  Argon  matrices  formed  at  10K  over  periods  of  2-40  hours. 

e  Argon  matrix  spectra  of  NH,.  HNO,,  NO,  NO2.  N2O  and  cis  and  trans 

HNO2  recorded  under  conditions  of  good  isolation  for  comparison 
purposes. 

e  Matrices  containing  NH4N{N02)2  vaporization  products  irradiated  in  UV 
(medium  pressure  Hg  Arc)  and  visible  (1,000  W  tungsten  lamp). 

e  IR  spectra  obtained  in  the  4,(X)0-200  cm*'  range. 
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VaporizalicNi  Bahavior  NH4N(N02)2  Baaad  on  Matrix  Studios 
In  tha  tanH>aratura  ranga  investigated: 

(1)  NHa  and  HNO3  ware  aiways  present  as  major  vaporization  products. 

12)  NjO  was  found  at  lavals  varying  from  aimost  non-existent  to  major. 

(3)  Absorption  bands  not  attributable  to  any  "known"  molecuiar  specie(s)  were 
present  that  varied  in  intensity  from  almost  non-existent  to  ma^r. 

14)  Relative  amounts  of  the  above  spectes  in  the  vaporization  products  were  highly 

variable  and  not  related  to  the  temperature  of  vaporization.  Attempts  to  purify 
the  NH4N(N02)2  by  recrystaiiization  did  not  stabilize  the  vaporization  product 
distribution.  Both  samples  (SRI  and  Thiokol)  of  NH4N(N02)2  showed  the  same 
erratic  vaporization  behavior. 

(5)  Stabilization  of  the  product  distribution  over  NH4N(N02)2  was  finally  achieved 
by  prolonged  heating  in  which  approximately  50%  of  the  sample  was  vaporized 
from  the  Knudsen  cell. 

(6)  After  stabiiitization  of  NH4N(N02)2  sample's  vaporization  behavior; 

(a)  NHs  and  HNO2  were  always  present  as  major  vaporization  products. 

(b)  The  anwunts  of  NjO  and  the  unknown  molecular  specle(s)  in  the 
vaporization  products  appeared  to  increase  with  temperature,  becoming 
comparable  to  those  of  HNOj  and  NH,  at  the  high  end  of  the  temperature 
range  studied. 

IR  Matrix  Spectra  of  the  NH4N(N02)2  Vaporization  products 

(1)  Typical  spectra  of  as  deposited  NH4N(N02)2  vaporization  products  are  shown 
in  Rgure  1  (Curves  [a]  and  Ibl).  "Unknown"  absorption  bands  are  indicated  by 
(X). 

(2)  Spectra  resulting  from  the  UV  photolysis  of  the  as  "deposited"  NH4N(N02)2  are 
shown  in  Figures  1  (Curve  (cj)  and  2. 

(3)  A  spectrum  of  ammonium  nitrate  vaporization  products  (HNOa  and  NHs)  sre 
shown  in  Figure  1  (Curve  [d])  for  references  purposes. 

(4)  Some  22  "unknown"  absorption  bands  are  identified  in  the  spectra  shown  in 
Figure  1 .  Qualitatively: 
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(«)  These  sbsorption  bands  always  appeared  with  similar  relative  intensities 
to  each  other  regardless  of  vaporization  temperature. 

(b)  UV  photolysis  of  matrices  containing  the  "unknown”  absorption  bands 
resulted  in  their  "bleaching  out"  at  a  uniform  rate  (Figures  1  and  2). 

Tentative  Assi(piment  of  IR  Spectrum  to  HN(N02)2 

The  above  behavior  suggests  that  the  "unknown”  absorption  bands  may  be 
reasonably  attributed  to  a  single  molecular  species,  most  probably  hvdrooen 
dinltramide.  Frequencies  of  the  "unknown"  absorption  bands  are  shown  in  Table  1 , 
together  with  a  tentative  partial  vibrational  mode  assignment  to  HN(N02)2-  The  amine 
structure  is  suggested  based  solely  on  the  magnitude  of  the  hydrogen  stretching 
frequency  appearing  at  3341  cm'^  which  is  characteristic  of  an  N-H  stretching  mode. 
Frequencies  for  N-H  stretching  modes  are  found  at  3359,  3478,  3350  and  3290  cm'^ 
in  NH2NO2  arul  NHjOH,  respectively. 

If  hydrogen  dinltramide  was  present  with  the  acid  structure,  an  0-H  stretching 
mode  might  be  expected  to  appear  at  a  frequency  >  3500  cm*'  based  on  values  of 
3635  and  3570  cm'^  found  in  NHjOH  and  t-HN02,  respectively,  though  the  latter  are 
probably  poor  analogues  for  the  aci-structure  of  NINOjINOOH. 

Data  are  presented  in  Table  2  allowing  comparison  of  the  observed  hydrogen 
dinltramide  frequencies  with  those  values  calculated  for  the  amine  and  aci  forms  (H. 
H.  Michels  et  al.).  The  overall  "fit"  between  the  observed  and  calculated  frequencies 
for  the  amine  and  aci  forms  is  equally  good.  The  calculated  frequency  for  the  0-H 
stretching  mode  of  the  aci-form  of  hydrogen  dinltramide  is  substantially  lower  than 
t^lat  observed  experimentally  and  attributed  in  this  study  to  the  amine  isomer 
HN(N02)2«  possibly  lending  some  support  to  the  current  assignment. 

Identification  of  UV  Photolysis  Products  of  HN(N02)2 

Data  are  provided  in  Table  3  to  support  the  conclusion  that  UV  photolysis  of 
hydrogen  dinltramide  results  in  the  formation  of  trans-nitrous  acid,  nitrous  oxide,  nitric 
oxide  monomers  and  dimers.  The  form  of  the  spectra  suggest  that  matrix  cage 
effects  perturb  the  vibrational  levels  of  the  trapped  photolysis  products,  particularly 
t-HNOj  and  NO/(NO)2.  There  were  no  indications  that  NO2,  HNO,  cis-HNOj  or 
isomeric  forms  of  hydrogen  dinltramide,  namely  NCNOjINOOH,  were  formed  as  a  result 
of  UV  or  visible  photolysis  of  HN(N02)2« 


Condutions 


After  stabilization  of  the  sample,  NH4N(N02)2  appears  to  vaporize  according  to 
equations  shown  bdow  in  the  temperatuio  range  55-1  lO^C.  At  lower  temperatures, 
proMSS  (1 )  is  favored  with  processes  (2)  and  (3)  becoming  of  equal  importance  at  the 
high  end  of  temperature  range. 

AH  keel 


(1)  NH4N(N02)2  (a  or  I)  -»  NH,  (g)  +  HNO,  (g)  -t-  N2  (g)  +  1/2  O2  (g)  -7.1 

(2)  NH4N(N02)2  (a  or  I)  -»  NH,  (g)  -i-  HNO,  (g)  +  N2O  (g)  +12.5 

(3)  NH4N(N02)2  (a  or  I)  -»  NH,  (g)  +  HN(N02)2  (g)  >17 

In  the  IR  matrbe  spectra  of  the  vaporization  products  over  NH4N{N02)2<  twenty- 
two  absorption  bands  have  been  identified  that  may  reasonably  be  assigned  to  a 
single  vaporizing  species,  namely.  HN{N02)2«  having  a  secondary  amine  structure. 

No  evidence  was  found  for  the  existence  of  structural  isomers  of  hydrogen 
dinitramide,  specifically  N(N02)(N00H). 

Further  matrix  studies  using  isotopically  substituted  ammonium  nitramide 
precursors  could  lead  to  a  definitive  characterization  of  HN(N02)2>  The  dissociation 
mechanism  of  HN(N02)2  and  possible  existence  of  structural  isomers  of  hydrogen 
dinitramide  could  be  investigated  by  superheating  the  vapor  species  over  NH4N(N02)2> 
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1  •  Argon  matrix  IR  spectra  of  vaporization  products  over  NH4N(N02)2 
heated  a.  102*C.  Curve  (a)  1 .5  hrs  deposition;  curve  (b)  5.25  hrs 
deposition;  curve  (c)  matrix  in  (b)  photolyzed  for  1  hr  with  Hg  arc 
lamp;  and  curve  (d)  Argon  matrix  IR  spectrum  of  vapor  species 
above  NH4NO3  heated  at  80°C  and  deposited  for  2.8  hrs. 
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Figure  2.  Argon  matrix  IR  spectra  showing  absorption  bands  that  appear 
(1 900<1 700  cm'^)  on  UV  photolysis  of  a  matrix  containing  isolated 
vaporization  products  over  NH4N(N02)2  heated  at  102”C  and 
deposited  for  5.25  hrs. 


1993 APOSR  High  Energy  Density  Materials  (HEDM)  Contractor’s  Mating 

l-fl  Resooant  Mult^hoion  lonizatuxi  of  HI  Through  the  UV  Continuum 

MsricA.Young 


DcMtttaent  of  Ghemistiy 
Univeisity  of  Iowa 
lowaGty.lA  S2242 

Introduction 

Resonance  enhancement  multiphoton  ioniation  (MPI)  results  when  the  energy 
one,  or  more,  of  the  incident  photmis  matches  tftat  of  an  intemiediate  level  in  the  system 
understudy.  M  interesting  situation  is  encountered  in  a  molecule  if  the  intermediate  state 
is  purely  repulsive  in  nature,  engendering  nyrid  dissociation.  We  have  studied  sudi  a 
process  in  Ae  hydrogen  halide,  ^  fay  en^loying  a  l-fl  MPI  process  that  is  oire-photon 
resonant  with  the  first  ultraviolet  continuuiiL  The  structureless  continuum  absorption,  due 

to  a  n-^  transition,  begins  near  300  nm  and  has  a  maximum  at  220  nm.  The  accessible 
states  diat  coo^nise  the  ctmtinuum  are  known  to  be  repulsive  and  a  diagram  of  the  relevant 
potential  energy  curves  is  shown  in  Hgure  1.  Despite  die  fast  photo^sociation  which 
occurs,  we  are  still  able  to  observe  the  parent  ion,  HI'*',  using  conventional  nanosecond 
laser  sources.  Sharp  features  in  the  wavelengA  resolved  spectrum  of  HI'*'  are  recoixted  and 
are  assigned  to  two-photon  transitimis  to  autoionizing  Rydberg  states  with  a  finite  lifetime. 
Differences  in  die  two-photon  spectra  compared  to  data  obtained  by  single-photon  VUV 
photoionizadon  have  bem  noted  A  simple  kinetic  analysis  of  the  dm  can  be  employed  to 
illuminate  the  mechanism  of  ionizadon  a^  to  explain  die  observed  laser  flux  dependence  of 


R(A) 


Figure  L 
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An  analogous  situation  has  been  addressed  by  various  investigations  (tfMFI  in  the 
polyatomic  qiecies,  CH3I.  Bemstem  and  co-workers^  studied  methyl  iodide  using  a  2+1 
REMPI  process  resonant  widi  the  dissociative  A  state  continuuiiL  Excitation  with  several 
miliyottles  a£  xadiatkMi  frcNn  a  nanosecond  laser  yielded  no  patent  ion,  CH3I''’,  while 

fragment  ions,  and  CH3'*’,  were  readily  observed.  Danon  et  al.^  excited  a  san^le  of 
CE^  prepared  by  expansion  of  the  neat  gas  from  a  narrow  bore  c^nllary  using  a  ancdlar 
laser  source.  In  contrast  to  die  previoos  results,  Q>3l‘*’  was  obsoved  with  a  quadratic 
intensity  dependence  which  decreased  as  iu^ier  intensities  were  used.  It  was  proprned^ 
that  die  disaepancy  in  diese  rcuults  was  due  to  the  sample  conditions  employed  ^  Danon 
eL  aL  whidi  may  have  premoted  ^  formation  of  clustered  species.  The  formation  die 
pvent  ion  was  diou^t  to  be  facilitated  by  cluster  induced  caging  which  inhibits  die 
dissodatiooofdicininally  excited  moleaile. 

Experimental 

Sanqiles  of  hydrogen  iodide  and  helium  carrier  gas  were  expanded  at  pressures  of 
l-40psig  duough  a  conunercial  pidsed  valve.  The  supersonic  jet  source  was  coupled  to  a 
tinre-^-m^t  (TOP)  mass  Electrometer  equipped  wim  a  reflectron.  The  laser  source  was 
an  exdmcrpunqied  dye  laser  combinaiion  using  C480  and  C460(tyes  and  a  BBO  aystal  to 
yield  radiation  tunable  over  the  2S5  nm  -  225  nm  region  with  an  approximate  UV 

bandwiddi  of  ^  0.4  cm‘i.  IhoioitMis  were  detected  widi  a  dual  microchannel  plate  (MCP) 
detector.  Mass  resolved  scans  were  recorded  with  a  digital  oscilloscope  and  wavelengdi 
resolved  spectra  employed  a  boxcar  integrator  to  selectively  mmiitor  die  signal  due  to  the 
desired  mass. 

Results 

IrradiaticMi  of  a  dilute  (0.2%  HI  in  helium)  expansirm  at  a  total  stagnation  pressure 
of  1  psig  at  238.4  nm  manifests  I***  and  HI**‘  mass  peaks.  Under  these  eiqiansion  options 
monomelic  species  are  expeaed  to  dominate  and  no  other  mass  peaks,  which  would  be 
evidence  of  cluster  fonnati<Mi,  were  obserred.  The  boxcar  gate  was  set  to  integrate  the  HI*'' 
signal  and  the  wavelength  of  the  dye  laser  scanned  to  [noduce  the  extended  spectrum 
contained  in  Hgure  2,  plotted  as  a  fiinctitxi  of  the  two-photon  energy.  Sharp,  well 
resolved  features  were  observol  overkpping  a  weaker  continuous  signal  and  the  cmset  of 

the  spectrum,  *  239  run,  was  very  near  the  2-|Aoton  energetic  threshold  for  the  production 
of  HI***  (UP.  s  10.386  eV).  The  HI*''  mass  signal  decreases  significantly  at  higher  energies 

until  eventually,  beyond  "*  88,700  cm'^  no  distinct  signal  was  observed. 

The  threshold  of  the  spectrum  was  found  to  be  a  sensitive  fiincticm  of  the  applied 
extraction  voltage  of  the  TOP,  shifting  to  Iowa*  energies  as  die  electric  field  was  increased. 
An  external  electric  field  can  reduce  the  measur^  I.P.  of  molecular  species  by  field 
ionizing  highly  excited  Rydbetg  levels.  The  zero-field  threshold  of  our  data  was  calculated 
to  be  83,755  cm'l,  very  near  the  accepted  IP.  of  HI  (83,771  cm'l).  We  also  examined  the 
intensity  dependence  of  the  HI'*'  sigiial  with  the  laser  tuned  to  resonance  with  the  strong 
feature  at  83,904  cm'^  The  maximum  flux  was  estimated  to  be  approximately  1-2  x  10^ 
photons/s*cm^  and  the  dependence  was  measured  over  a  range  ilightly  greater  than  one 
order  of  magnitude.  The  overall  trend  can  be  fit  reasonably  well  to  a  straight  line  with  a 
slope  of  unity. 

Discussion 

Hydrogen  iodide  excitation  at  239  nm  is  resonant  with  the  first  UV  continuum 
(Hgure  1),  wluch  cmisists  of  several  excited  states  correlating  with  ground  state  H-atoms 
and  I-atoms  in  either  the  ground,  I(^P3/2)>  or  excited,  I*(^Pi/2),  state.  Molecular  beam 
photodissociation  studies^*^  indicate  that  these  states  are  purely  repulsive  in  nature,  with  a 
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quantimiyiekifardissociatknofim  C  asevation  of  nxxneatuin  dictates  diat  virtually 
lul  of  die  leleaaed  ener^  is  dqiodied  into  the  Idnedc  eneisy  of  the  departing  H-atom  and 
dissociation  is  nyid  on  me  time  scale  <rf  our  ^  nsec  laser  pulse 

It  is  poasiUe  to  analyze  the  muldidio^  absorption  process  as  two  sequential  stqis 
with  real,  as  t^iposed  to  virtual,  intermediate  states.  In  that  light,  the  ionization  rate 
achieved  widi  our  laser  source  is  ^pparendy  sufficient  to  conqiete  with  dissociatkxi  of  HI 
and  yield  a  tneasundde  parent  ion  signal  llie  linear  intension  dqiendence  recorded  for  10+ 
indiCTtes  that  one  of  die  stqis  is  saturated,  or  nearly  so.  We  prcqxise  that  a  sinqile  rate 
equation  model  may  be  instructive  in  ctmsideting  the  data  presented  here.  We  have 
oonAnicted  a  three  level  model,  depicted  in  Figure  3,  with  die  ground  state,  X,  the 
rqiulsive  intermediate  states,  R,  and  tte  final  kni^  state,  C  The  state,  P,  represents  the 
firagment  products  of  HI  phoiodissociadon.  The  stimulated  absorptioii/emissicHi  and 

ionization  rates  are  a  « and  P  « ‘yF.  reflectively,  widi  associated  cross-sections  o  and  Y 
with  a  photon  flux,  F.  The  dissociation  rate  (tf  the  rmulsive  intermediate  states  is  ki>.  The 
set  ci  coupled  rate  equati<»s  can  be  readily  solved  by  applying  the  method  of  Laplace 
transforms.  An  insightful  limiting  case  is  reached  when  all  of  the  HI  nxdecules  in  the  laser 
interactkm  region  sampled  by  the  mass  fiectrometer  are  either  dissociated  or  ionized.  Such 
saturation  is  iDcely  in  oureiqierinients  with  tire  result  for  the  kxuzed  state,  C: 

C=— Xo 
P+ko 

and  likewise  for  the  fiagment  species,  P: 

p— !ai-Xo 

P  +  kD 

The  number  of  ions  produced  is  seen  to  be  some  fraction  of  the  initial  number  of  ground 
state  HI  molecules  determined  by  the  ratio  of  die  ionization  rate  to  the  total  loss  rate  of  the 
intermediate  state  due  to  irreversible  processes.  The  fraction  can  be  considered  as  the 
quantum  yield  for  ion  production.  Similarly,  the  product  of  a  quantum  yield  for 
dissociation  and  the  groi^  state  number  density  yields  the  number  of  fragmrat  species 
produced.  These  results  clearly  indicate  the  competition  between  dissociation  and 
KNUzation  from  the  intermediate  rqtulsive  states. 

The  dissociation  rate  is  expected  to  be  quite  large  relative  to  the  itmization  rate 

maintained  by  the  nanosecond  dye  laser  so  that,  kp  »  P>  The  i(Hi  cmicentration  is  thra 
given  by 


C-lxo-F 

and  the  laser  flux  dependence  of  HI'*’  will  be  linear,  the  result  determined  through 
experimentaticm.  We  estimate  from  our  experimental  parameters  that  p/ko  ”  2-10  x  10*^0. 
Qearly,  our  ability  to  monitor  the  production  of  HI'*  from  the  MPI  process  is  a  tribute  to 
the  sensitivity  of  our  instrument 

We  can  estimate  the  effective  fragmentation  rate  from  a  simple,  classical 
considoaticm  of  the  dissociation  process  to  be,  Icd  »  1.5  x  10^^  sec^.  Using  our  estimate 
for  kp  with  a  peak  flux  of  10^  photons/som^,  the  cross-section  for  ionization  originating 
frtnn  the  repulsive  intermediate  states  is  calculated  to  be  y  =  3-15  x  10-22  in  contrast. 
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die  Gvo6>-aectioo  fcr  singk  {dioloa  knizatioa  fipom  the  ground  state  is  in  the  nnge  of  10-73 
X  10-18  coP,^  much  laiger  than  our  esdmate. 

The  idaidties  of  the  autCMonizing  R^berg  states  that  appear  in  the  HI'*’  qiectnim 
remain  to  be  clarified.  Several  invesdgaiors^'^  have  enqiloyed  nonlinear  four-wavemixiitg 

techniques  to  conduct  high  reatriution  (Av»  0.5  cm-l)  VUV  photmonizadon  studies  of  HI 
and  smreial  Rydberg  series  have  bera  identified.  The  appearance  of  our  spectrum  is 
guaUtaiively  different  from  the  results  but  we  have  been  atm  to  plausiUy  identify  several 
reatnres  as  members  of  the  Rydberg  series  detected  in  the  single-photon  work.  Usingthe 
series  labels  <rfMankctaL,8  we  have  assigned  peaks  in  Rgure  2  due  to  Series  13t4  and 
5.  The  sin|^  photon  studies  were  aUe  to  record  well  reserved  qiectral  features  iq)  to  die 

^1/2  (V  »  0)  threshold  of  Hf**  at  89,122  on-l,  mudi  hi^ier  in  energy  than  the  observed 

limit  trf  die  2-photon  spectnim,  •  88,700  cm*!.  The  overall  decrease  in  the  HI'*’  signal  in 
die  2-pboton  qiectnm  at  shorter  waveleng^  may  be  due  to  the  general  decrease  in  the 
ionization  cross-sectun  concunent  widi  an  increase  in  the  HI  dissociation  rate  as  the  first 

step  terminates  on  steeper  ptndons  of  the  repulave  potential.  The  ion  quantum  yield,  « 

P/ko.  decreases  and  an  insufiBdent  number  of  itms  are  produced  to  be  detected  even  with 
the  very  soisitiveMCP  detector.  In  addition,  resonance  requirements  for  each  ttansiti<»  in 
die  2-photon  excitation  mechanism  may  result  in  a  constriction  of  the  Franck-Condon 
acoesablerogioo  relative  to  single  photem  absotption. 

Notioeatdy  absent  from  our  qiectrum  are  peaks  due  to  Series  2  and  Series  6,  which 
are  cleariy  observed  in  the  <xie-photm  studies.  In  fact,  the  strong,  broad  peaks  of  Series  2 
are  the  most  prominaitqiectral  features  in  the  (me-photon  studies.  Such  Cerent  bdiavior 
may  be  a  re^t  of  the  two^houm  process  operative  in  our  study  versus  the  one-photon 
transitions  recorded  in  die  VUV  investigations. 

Conclusion 

We  have  excited  HI,  isolated  in  a  superstmic  expansion,  with  UV  light  from  a 
tunable  nanosecond  dye  laser.  The  parent  icm,  HI'*',  is  observed  due  to  a  l+l  REMPI 
process,  resonant  with  the  repulsive  stares  that  conqiiise  the  first  UV  continuum  of 
hydrogen  iodide.  The  wavelength  resolved  qiectrum  reveals  sharp  features  which  arise 
due  to  autenonuing  Rydbeig  levels  c(»verging  to  the  HI'*’  ground  state.  Conqiarison  with 
spectra  obtained  by  c^er  investigators  using  tme-photon  excitation  shows  duu  specific 
Rydberg  series  are  suppressed  in  the  two-photon  spectrum.  A  kinetic  analysis  in^cates 
duu  die  initial  exdtatkm  step  is  saturated  ai^  that  the  kxiization  cross-section,  to  a  free- 
bound  transition,  is  relatively  smalL  While  the  dissociation  rate  of  die  excited  HI  is 
extremely  rtqiid,  the  flux  from  a  nanosectmd  laser  is  still  sufficient  to  imiize  a  small  fraction 
pnior  to  fogmentation. 
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PreUminary  Investigation  of  a  Graded  Interface  Between  Solid  Rocket  Motor 

Propellant  and  Insulation 

Joaqrfi  D.  Uchtrahan,  Tommy  W.  Hawidns,  Kevin  P.  CSiaffee.  Philip  Laboratofy,  Rodmt 
Propulsion  DiiectacalB,  Edwards  APB,  CA  93524 


Ina<tequatr  control  over  the  material  properties  of  die  insulation  and  propellant  intofroe 
has  been  a  traditional  proUem  for  solid  rodcet  motors.^  Deficiendes  along  diis  structuraUy 
critical  le^n  can  iroott  in  catastrophic  motor  fiulure  through  over-piessurization  or  case  bum 
dnouj^  ilie  ramification  from  SU&  an  evoit  may  include  substantial  finandal  seducks  from 
lost  vehicles,  vehide  payloads,  fscilides,  delayed  launch  schedules,  and  increased  insurance  and 
opendonal  costs  <hie  to  decreased  systrnn  omfidence  and  reliability. 

The  insnladon/jjiropellant  interface  problems  stem  from  die  necessity  to  form  a  bond 
between  diese  two  materials.  This  is  necessary  in  order  for  die  pn^Nilsiim  sysinn  to  widistand 
various  operational  stresses,  and  to  control  tte  amount  of  burnable  mopellant  surface  aiea.1 
Tradidonal  prc^iellants  and  msuladrms  are  cmnpr^te  like  in  nature.  This  not  only  hinders  the 
numufscturability  of  ttese  materials,  but  also  limits  the  extent  of  bonding  dud  can  be  achieved 
between  the  two  nutterial  surfaces.  The  convendcmal  insulation-jnopellant  interfrce  (caltod  a 
txmdline)  is  two-^limensional  and  requires  die  use  of  a  third  material  to  fimcdon  as  an  adhesive 
liner  (Rgure  1). 


Bondline 
(adhoalve  ilnor) 


Graded  Intertaoe 

(maioilal  Mend) 


Insulation 


V** 

5 


Propellant 


Insulation 

(Hybrid  TPE) 


Propellant 

(Gal  or  TPE) 


A  B 

Figure  L  (a)  Conventional  bondline  approach  and  (b)  Graded  insulation-propellant  concqit 

The  degree  of  bonding  between  die  two  materials  in  die  bondline  iqiproach  is  sensitive  to 
surface  preconditioning  since  the  presence  of  pi^culate,  dirt,  moisture,  and  oils  create  regions  tk 
reduced  or  nonexistent  bonding.  The  bondline  approach  is  further  plagued  by  a  matnial 
conqiatibility  problem.  This  arises  from  the  necessity  to  plasticize  composite  propellants  in 
order  to  active  acceptable  mechanical  properties  at  low  tenqieratures.  Migration  of  diese 
plasticizing  agents  across  the  propellant-insolation  interface  (during  system  manufacture)  can 


1  For  exanqrte  see:  ILL.  Schreuder-Staoer,  R.G.  Stacer  in  Bonded  InieriBceTechiKdogy  Development  for  Solid 
Rocket  Motors  AL-TR-89-(NG  September  1991. 
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severely  alter  the  material  pnq>erties  of  die  bondline  and  create  mechanically  weakened 
boundaiy  areas.^  It  is  interesting  to  imte  that  for  over  20  years  and  after  numerous  studies  and 
IM^ts,  the  moblem  of  bondline  integrity  still  persists  vdiile  die  overall  design  ^qiroach  to  this 
critical  internee  has  not  seen  significant  dumge. 

Future  solid  propulsion  systems  can  potentially  avoid  many  drawbacks  of  currem  systems 
^  taking  advant^  of  new  generations  of  propellants  and  insulations.  The  Philip  Labonttocy 
(Rocket  Propolsion  Directonde)  is  puraimg  die  desini  of  propulsion  systems  possessing  a 
graded  insulation  /propellant  interface.  This  f^ipcoach  rnffiers  nom  die  bondline  nMhod  diroiigh 
die  fonnation  of  an  inteafscial  region  sdiidi  is  con^osed  of  a  physical  blend  (or  altoy)  of  b^ 
die  insolatkm  and  die  inopdlanL  This  type  of  qjfMroadi  will  aihiw  for  intermediale  (or  graded) 
nuUerial  properties  to  be  achieved  across  the  interfscial  region  and  will  promote  diree- 
dimensional  coliesive  btmding  betwBoi  the  insulation  and  propeUanL 

The  successful  design  of  a  graded  insulation  /  propellant  interface  requires  the 
consideration  of  several  key  issues.  A  prin^  concern  is  cheinical  connpatibi^  between  the 
two  iiuderial  coiiqiositions.  fiiconmatibilities  may  result  in  material  segregation,  undesirable 
diemical  reactivity,  or  die  transport /difihisimi  of  species  across  the  interfiice.  It  also  desirable  to 
match  die  physied  prcqierties  (such  as  tensile,  melt,  and  viscosity)  of  die  two  bulk  nuderials. 
This  level  of  control  would  allow  the  pnqierties  proffle  (fiom  bulk  inflation  to  bulk  propellant) 
to  iqqnoach  that  of  a  uni-rruterial  ^gure  2). 


mam  mam/ Prep  Btend  Burn  Prep.  mam.  Lmar  Boundaiv  BuSePmn. 


Figure  2.  Mechanical  properties  profile  for  a  insulation  /propellant  interface. 

This  figure  shows  die  contrast  in  the  mechanical  properties  between  the  graded  interface  concqit 
and  die  traditional  bondline  approach.^l’  Note  that  mechanical  failure  for  the  latter  typically 
occurs  at  die  low  point  on  the  profile. 

Devdopment  and  evaluation  of  the  graded  insulation  /  propellant  interface  requires  that 
non-compodte  (uncuted)  insulations  and  propellants  be  devdop^  and  utilized.  Along  dwse 
lines  die  ndllips  Laborattny  currendy  has  programs  focused  on  the  development  low  cost. 


2  Fv  eumpk  see:  (a)  F£.  Oberth  in  Princqiles  in  Solid  Prc^iellant  Development  CRA  469,  SqNember  1987.  (b) 
Ftopellant  Case  Interfsce  Tedinology  Program  Status  Report  F296001-91-C-004.  CDRL  AOOl  Huolcd  Cop. 
1992. 
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envifoomaiially  fikadly  propeUants  and  insolations  which  are  hi^y  inocessable  and  do  not 
required  core  processing.  Two  promising  tedinologies  are  the  GelPropellants  and  die  HybrU 
Inwlations.  The  piqiantion  of  aaylate  based  gd  pnqiellants  and  aciylate  derived  hybrid 
insolations  wiU  be  disCTsscd. 


Gel  nropellant  technology  is  a  ladicaHy  different  and  innovative  qipioach  to  producing 
solid  prapeUants  sriiidi  are  envuooniaitally  accrotaUe  and  irocesuble.  Conventunal  sdid 
propulaiit  is  composed  of  solid  oxidizer  particolates  soqiended  in  a  matrix  of  robber  (e.g. 
pb^ytmadiene)  wmcfa  is  crossHnkBd  with  hi^y  toxic  cuiatives.  This  stroctnre  makes  prap^ant 
waste  reclamation  ot  diqx^  environmentally  difficult  Od  pnqiellant  is  produced  from  a 
combinatitm  of  liquid  oxidizer  and  imiophilic,  uncrosslinked  polyn^  (requires  no  toxic 
curatives).  Such  a  combination  produces  a  solid  propellant  widi  environmentally  enhanced 
redahnahili^  and  proccsrebOity. 

Recent  work  on  gd  propellant  is  focused  on  devdroing  aciylic  based,  ionophilic 
polymers  ciquible  of  gdl^  widi  liquid  oxidizers  at  hi^  liquid  oxidizer  idiase  volumes.  One 
such  polymer  which  has  recently  demonstrated  diis  ci^drility  is  poly(hydroxaniic  add)  uhidi 
can  be  produced  fimn  polyacrylamide  (Hgure  3).^ 


acrylamide  polyacrylamide  poly(hydroxamlc  acid) 

Figures.  Synthesis  of  the  (polyhydroxamic  add)  gd  propellant  polymer. 

Work  is  continuing  on  the  synthesis  and  properties  of  ioncqihilic  acrylic  polymers  and 
dieir  perionnance  in  gd  propellant  formulations.^ 

Hybrid  Insulation  Synthesis 

Recent  advances  in  the  synthesis  of  preceramic  polymers  (or  Hybrids)  provides  an 
opportunity  to  take  advantage  of  a  unique  class  of  evolving  materials  which  combine  the 
favorable  properties  of  both  organic  and  inorganic  substances.^  Hybrid  materials  show  excellent 
potentid  as  ^lative  materials  because  upon  pyrolysis  tiiey  can  be  converted  into  an  erosicHi 
resistant  ceramic  which  is  more  resistant  to  oxidation  and  mechanicd  erosicm  tium  current  char 
forming  organic  based  ablative  systems. 

In  attempt  to  produce  hybrid  insulations  that  would  be  chemically  conqiatible  witii 
acrylate  based  gel  propellants  we  have  undertaken  die  syndiesis  of  acrylate  derived  hybrid 
polymers  (Hgure  4).  Mcmomers  for  these  materids  are  produced  by  a  corner  ca^ng  reaction 
which  places  a  polymerizable  acrylate  functionality  on  a  polyhedrd  oligosilsesquioxane 


^I]aiddns,T.W4  Fuller.  D.L.  woric  in  progress. 

^  Lahienlun.  J.  D4  Vu.  N.  Q4  Carter,  J.  A.;  Gilman.  J.  W4  Fdier.  F.  J.  Macromolecides  1993, 26, 2141-2142. 
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(POSS).^  This  imdecuk  can  then  be  polymerised  to  affocd  pol^rmeis  vdiich  contain  die  desired 
aoylale  functionality  and  the  pfecenmic  POSS  group  for  ceramic  char  fonnation. 
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Figure  4.  Synthesis  of  an  acrylate  based  monmner  and  hybrid  polymer. 

Properties  of  these  materials  can  be  manipulated  fuidier  dirougb  cc^lymerizadons  widi 
alternate  nKmomeis  or  throu[^  the  formation  of  bloids  with  other  materials.^'  ^ 


Future  Directions 

Investigations  are  underway  to  fbrdier  die  development  of  ^  propellants  and  conqi^ble 
hybrid  insulations.  We  are  also  explrning  a  variety  of  manufacturing  and  processing  conations 
tl^  will  allow  for  optiinal  fonnation  of  the  graded  insuhdion  /  prqiellant  interface.'^  For 
exanqile,  die  simultaneous  extrusion  (coaxial-coextrusion)  of  propellant  and  insulation  is  a 
particularly  attractive  method  for  system  manufacture.  Similar  plastics  processing  methods  are 
used  for  die  manufacture  of  automotive  parts  (such  as  bunvers,  moldings)  and  in  the  packaging 
industry  (botfes,  containers).  One  advantap  of  octrusion  processing  may  be  die  benefit  of  shear 
mixing  aiding  formatitHi  of  the  graded  interface  during  inocessing.  Other  manufacturing 
techniques  under  investigation  include  blow-mol^ng/diffusion  processing  and 
conqnession/diffusion  molding. 


^Ucliimlian.J.D4  0taaari.Y.A.;Carr.M.J.  work  in  progress. 
^Liciitealian,J.D4  A.  G.;  Nod,  C  J.  woric  in  progress. 
‘^Lktuenliin.J.D^  Chaffee.  K.P.;  Nod.  C.J.  woric  in  progress. 
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AkhtUo  Calcnlatiou  oftheMg’*-  H2  and  H  Potential  Eacror  Surfaces 


Margr  E.  RosenkrantE 
Umveni^  of  D^ton  Researcfa  Listhute 
OLACFL/RKFE 
9  AntaresRoad 

Edwards  AFB.  CA  93524-7680 


We  are  interested  musu^Hstoou  for  rocket  profNilsioiL  In  the  labcwattxy  we  would 
fike  to  be  aUe  to  trap  H  atoms  in  a  sdid  H2  matrix.  The  H  atoms  would  have  to  be 
tnqiiped  with  low  inngHe  'energy  to  {xevent  their  nugradon  and  recmnbination.  Klefoer, 
and  coworkers  [J.  Chem.  Pl^  85.  (1986)]  have  shown  that  in  the  gas  phase  magnesium 
atoms  can  reset  vnth  H2  according  to  the  fidlounng  set  of  reactions; 

M^1S)+H2->M^2 

(MgH2)*->Mg(lP)+H2 

adgH2)*  -►  MgH(v*.D  +  H 

El  the  matrix  we  are  interested  in  further  dissociating  the  MgH  as  wdl  to  obtain  the 
following  overall  reacd(m: 

Mg+H2+  hv+  hv*  -♦I4g*+H|jje+I^kb' 
is  a  hydrogen  atom  low  kinetic  energy. 

These  calculations  were  designed  to  hdp  us  understand  the  method  by  wdadi  the 
exdted  Mg  atom  mediates  the  dissodatiem  of  H2.  I  enqiloyed  a  state  averaged 
naiiticonfiguration  self-consistent  fidd  (SAMC)  calculation  to  obtain  oibitals  fos  a  muld- 
reference  configuration  interaction  (MRCI)  calculation  of  the  low  lying  nnglet  states  of 

The  calculations  were  perfonned  in  the  r^on  of  the  C2v  interaction  of  Mg  +  H2 
where  the  ground  ^A^  and  the  ^62  states  cross.  This  r^on.  winch  I  caD  the  "trantition 
state"  re^on,  is  shown  in  Figure  1.  Note  that  there  is  no  real  transition  state  fx  the 
reaction  Ms^H2  M^2  ^  determine,  even  though  in  the  search  for  the 

tianation  state  I  (fid  not  confine  my  attention  to  the  C2vsytenietiy.  It  is  (fovious  firom  fig. 
1  that  there  is  a  ridge  where  the  two  potential  energy  suifoces  cross.  The  oscillations 
akmg  the  ridge  are  probably  a  result  of  the  spacing  of  the  points  at  which  I  have  calculated 
results.  I  bdieve  that  a  denser  grid  of  points  would  eliminate  these  oscillations.  Figure  2 
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diowi  a  difFgnaA  vicw  of  thts  ragioo  and  indudes  the  difference  potentiaL  Note  the 
nwrimiim  m  the  difference  potential  lidiere  the  energy  difference  reproaches  zero. 


y9H2  Trensitian  Slot* 


MgH2Tronsition  State  Region  • 


Fig.1 


Fig.  2 


To  begin  to  map  the  rest  of  the  reaction  I  investigated  the  MgHCX^r'',  A^D)  +  H 
interaction  potentials.  HereluseJacoln  coordinates  acceding  to  the  cartooning  3. 


Fig.  3 

A  series  of  these  potential  suiftces  are  shown  in  Hgs.  4>9.  Note  that  the  two  sur&ces  are 
of  the  same  ^mmetiy  and  that  the  sur&ces  are  very  dose  together  for  Abetter 

view  of  this  is  given  in  Hg.  10.  Also  note  that  the  scale  used  in  fig.  9  is  different  fimn  the 
rest  of  the  series.  This  is  due  to  the  fiict  that  thejacotn  coordinates  require  the  H-coiter  of 
hmm  distance  quite  large  to  avoid  having  the  two  H  atoms  lie  on  top  of  each  other.  The 
avdded  curve  oosring  is  very  obvious  in  the  data,  which  page  liimtations  and  good  taste 
forbid  me  to  show. 


Finalfy  in  fig.  11  the  energy  levdt  of  the  states  considered  in  this  study  are  given. 

Here;  the  energy  level  ofthe  ground  state  Mg  (^S) +  112  is  considered  to  be  the 

zeroofenergy.  The  exchatkm  energy  Mg  (lS)+-Mg(lp)  is  within  3  cm~l  of  the 
accqjAed  value.  The  of  the  A^n  state  ofM^  is  within  1  cnr^  of  the  value  determined 

by  Saxon.  Kirby  and  Liu  fJ.  Chem.  Phys.  69^  5301(1978)].  The  heights  of  the  barrien 
between  the  various  levds  have  still  to  be  determined.  The  geometries  ofthe  local  minima 
have  been  determined  and  are  given  intabtel.  The  minima  ofthe  two  A' states  of  M^ 
+H  do  not  lie  directly  above  eadi  other.  The  minimum  in  the  excited  state  is  located  on 
the  60^  curve  vdiOe  that  the  ground  state  is  located  emits  1200  curve.  WhentheMgH 
+ H  system  beemnes  linear  with  an  H-x«H  an^  of  1800  we  have  the  ground  state  of  the 
linear  H-Mg-H  molecule.  Thia  is  the  global  minumum  However,  the  minimum  of  hs 
excited  state  (^82)  occurs  when  the  nmlecule  is  bent 


Energy  Level  Diagram  of  the  Reaction 
Mg  +  H2 - ►MgH  +  H 


1 8786.6  cm-i 

MgH(A2n)  +  H  1 

Mg(iP)  +  H2  J 

^  1 8552.7  cm-1 

1  9225.0  cm-1 

V - 

102  _ _ 

35271 .0  cm~i 

’A' 

MgH(X2E+)  +  h| 

19786.1  cm-i 

23737.9  cm“i 

» 

^ ^  1A 

Mg(‘IS)  +  H2  ^  ^^75.0  cm”1 


Fig.  11 
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Table  1. 


Gemnetiic  parametcn  of  the  levds  aii^  from  the  reaction  Mg  +  H2-> 


State 

RM^H 

RH-H 

mediod 

M 

(•e) 

xizj 

3.25 

6.50 

180.000 

MCSCF  geometry  opt 

1B2 

3.49 

2.13 

35.590 

bMiibic  ^)ltne 
interpdatirm 

llA** 

3.20 

5.61 

118.110 

nmwimim 

fromdata 

2lA** 

3.40 

3.33 

57.400 

mininttun  estimated 

fromdata 

*  N<M  that  the  geometric  parameter!  have  been  converted  from  the  Jacol»  coordinates  fijr 
the  sake  of  consistent. 
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